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ABSTRACT ------ 
U t i l i z i n g  r e c e n t  measurements of  t h e  cosmic r a y  e l e c t r o n  

spectrum a t  t h e  e a r t h  and t h e  e f f e c t s  of a o l a r  modulat ion on 

t h i s  spectrum w e  have determined p o s s i b l e  l i m i t s  on t h e  l o c a l  

i n t e r s t e l l a r  e l e c t r o n  spectrumr Synchro t ron  emiss ion  from 

SteZEar e l e a e r o n s  i s  t h e n  eampared wi th  t h e  l o c a l  

( d i s k )  volume e m i s s i v i t y  sf non-thermal r a d i o  emiss ion  a s  

deduaed from a s t u d y  of r a d i o  i n t e n s i t y  p r o f i l e s  a long  t h e  

g a l a c t i c  equa to r .  The d e t a i l e d  spectrum and magnitude of r a d i o  
1 

e m i s s i v i t y  ean  be reproduoed f r o m  t h e  e l e o t r o n  spectrum only  

f o r  ve ry  s t r i n g e n t  o o n d i t l d n s  on t h e  magnitude of t h e  l o c a l  

i n t e r s t e l l a r  magnelxic f i e l d ,  and t h e  amount of s o l a r  modulat ion 

of cosmic r a y s .  S p e c i f i c a l l y  i t  i s  Pound t h a t  B, w 7 p G ,  and t h e  

r e s i d u a l  modulat ion parameter  KR CJ 0. I f  s o l a r  mod- 

u l a t i o n  e f f e c t s  on t h e  cosmio r a y  e l e c t r o n  component a r e  

n e g l i g i b l e  t h e n  an i m p l a u s i b l y  h igh  lo a1  f i e l d  fi: 20 p G  i s  

r e q u i r e d  a 

If t h e  l o c a l  i n t e r s t e l l a r  e l e c t r o n  spectrum which b e s t  

r ep roduces  t h e  spectrum of l o c a l  r a d i o  e m i s s i v i t y  

i s  a r  he e l e c t r o n s  expec ted  a s  s e c o n d a r i e s  f r o m  

cosmic r a y  c o l l i s i o n s  i n  t h e  ga l axy ,  it i s  found t h a t  mos t  

e l e c t r o n s  k 300 MeV may o r i g i n a t e  v i a  t h e  secondary mechanism 5 

r a t h e r  t h a n  be d i r e c t l y  a c o e l e r a e e d  as  a r e  t h e  h i g h e r  energy 



e l  e 

Adapt ion of t h i s  l o c a l  i n t e r s t e l l a r  e l e c t r o n  spectrum 

which i s  q u i t e  d i f f e r e n t  f rom t h a t  a t  t h e  e a r t h  a l s o  g r e a t l y  

moa i f i e s  t h e  i n t e r p r e t a t i o n  of t h e  e f f e c t s  o f  i n t e r s t e l l a r  

a b s o r p t i o n  by i o n i z e d  hydrogen on t h e  low f r equency  end of  t h e  

r a d i o  spectrum. Emission measures of  <0,5om p c ,  20cm pc 

and 103cm-6p@ a r e  found  i n  t h e  p o l a r ,  a n t i - c e n t r e  and 

g a l a G t i c  o e n t e r  d i r e e t i o n s  r e s p e c t i v e l y ,  These v a l u e s  a r e  

s u b s t a n t i a l l y  below e a r l i e r  e s t i m a t e s  and would seem t o  r u l e  

o u t  t h e  e x i s t e n c e  of a l a r g e  HI. r e g i o n  about t h e  sun, for 

example. 

-6 -6 

F i n a l l y  we n o t e  t h a t  t h e  i n t e r s t e l l a r  i n t e n s i t y  of  

oosmic r a y  n u c l e i  above 30 MeV deduced u s i n g  a r e s i d u a l  

modulat ion c o n s t a n t  0,75 BV is i n a d e q u a t e  by two o r d e r s  o f  

magnitude t o  produce t h e  r e q u i r e d  h e a t i n g  o f  i n t e r s t e l l a r  

c louds ,  If t h i s  h e a t i n g  is produced by cosmic s a y s  it 

must be caused  by a l o w  energy  component w i t h  a ve ry  s t e e p  

s p e c t r u q .  i s  argued t h a t  such  a aompoine,nt might a r i s e , P r o m  

cosmic r a y  emiss ion  f r o m  s o l a r  t y p e  s t a r s  i n  t h e  ga laxy .  

*I1 - 
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I n t r o d u o t i o n  -------- 
I n  t h i s  paper  ts propose t o  re-examine t h e  f a m i l i a r  

comparison between d a t a  on pr imary  cosmic r a y  e l e c t r o n s  

and non-thermal  r a d i o  emiss ion  f r o m  t h e  ga laxy .  Th i s  

s t u d y  i s  made i n  t h e  l i g h t  of  r e c e n t  measurements of  t h e  

e x t r a - t e r r e s t r i a l  e l e c t r o n  i n t e n s i t y  n e a r  t h e  e a r t h  i n  t h e  

energy r ange  15-200 MeV ( J o k i p i i ,  L'Heureux and Meyer, 1967;  

Webber, 1968)  whioh k n a i c a t e  a much lower i n t e n s i t y  t h a n  

h e r e t o f o r  assumeds I n  a d d i t i o n  t h e  f i r s t  measurements of  

s o l a r  modulat ion e f f e c t s  on t h e  e l e c t r o n  component have 

r e c e n t l y  been  c a r r i e d  o u t  (Webber, 1967, L'Heureux e t .  a l , ,  

1967) .  These measurements e n a b l e  u s e f u l  l i m i t s  on t h e  

e l e c t r o n  spectrum i n  t h e  l o o a l  r e g i o n  of i n t e r s t e l l a r  space 

t o  be deduced from t h e  spectrum observed  n e a r  t h e  e a r t h .  

The s i g n i f i c a n c e  of t h i s  e x t r a p o l a t i o n  l i e s  i n  t h e  

f a c t  t h a t  t h e  i n t e r s t e l l a r  e l e c t r o n  spectrum can t h e n  be 

r e l a t e d  v i a  t h e  synchro t ron  prooesa  t*o t h e  non the rma l  

r a d i o  e m i s s i v i t y  of nearby space.  I n  t h i s  approach o u r  

s t u d y  d i e f  e r s  i m p o r t a n t l y  f r o m  most e a r l i e r  a t t e m p t s  which 

have compared t h e  measurt;d e l e o t r s n  speotrum a t  e a r t h  ( u s u a l l y  

wi thou t  any c o n s i d e r a t i o n  of s o l a r  modulat ion e f f e c t s )  w i t h  

t h e  r a d i o  emiss ion  which 1 8 3  assumed t o  emanate f r o m  t h e  

g a l a o t i e  h a l o ,  . i n f e r r i n g  a a h a r a e t e r i s t i o  h a l o  magnet io  

f i e l d  i n  t h e  p r o c e s s ,  It i s  e l e a r  t h a t  a comparison 

i 

,, 

- ( .  
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w i t h  the.  l o c a l  r a d i o  e m i s s i v i t y  i s  much more r e l e v a n t  

and t h i s  oomparison _ _  i s  , g r e a t l y  f a c i l i t a t e d  by s i g n i f  - 
i c a n t  new measurements of  t h e  f e a t u r e s  o f  non-thqrmal 

r a d i o  emiss ion  f rom t h e  galaxy.  I n  o r d e r  t o  de t e rmine  

t h e  l o c a l  r a d i o  emissivi-by i t  i s  n e c e s s a r y  t o  u t i l i z e  

1 

I 

b o t h  h igh  and l o w  r e s o l u t i o n  r a d i o  measurements t o  

de te rmine  t h e  r e l a t i v e  importance o f  emiss ion  f r o m  t h e  

g a l a c t i c  d i s k ,  t h e  h a l o ,  and f r o m  o u t s i d e  t h e  ga laxy .  

S a t e l l i t e  and ground based  o b s e r v a t i o n s  have now d e f i n e d  

t h e  p o l a r  r a d i o  spectrum i n  t h e  1-10 MHz range ,  and 

measurements o f  t h e  Hobart  group have d e f i n e d  t h e  d i s k  

component _i for a l l  b u t  t h e  l o w e s t  f r e q u e n c i e s .  A t  h i g h e r  

f r e q u e n c i e s  t h e  work of  t h e  Cambridge group h a s  been  

eomple te ly  r e v i s e d  and ex tended ,  

The comparison between t h e  pr imary  elecj t ron 

spectrum and t h e  non-thermal  r a d i o  spectrum has  i m p o r t a n t  

Consequences w i t h  r e g a r d  Lo  t h e  s o l a r  modulat ion o f  cosmic 

r a y s ,  It i s  g e n e r a l l y  aecep ted  t h a t  even a t  t h e  tfme of 

minimum s o l a r  a c t i v i t y  t h e r e  remains an a p p r e o i a b l e  r e s i d -  

- 

u a l  s o l a r  modulat ion f o r  t h e  nuc leon ic  components of t h e  

cosmic r a d i a t i o n .  Even though t h e r e  i s  much more a c c u r a t e  

i n f o r m a t i o n  on t h e  s o l a r  modulat ion of n u c l e i  t h a n  f o r  

e l e e t r o n s  i t  i s  not  possLble a t  t h e  p r e s e n t  ti,.me t o  

de t e rmine  t h e  magnitnde of t h e  r e s i d u a l  modulat ion from 
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t h e s e  s t u d i e s .  As a r e s u l t ,  d i f f e r e n c e s  o f  a f a c t o r  of 

1000 e x i s t  i n  t h e  e x t r a p o l a t e d  i n t e n s i t i e s  o f  cosmic 

r a y  nuc le i !  (compare Durgaprasad e$,-. a l o ,  (1967) and 

Balasubrahmanyan e t .  a l ,  (1967)) 

On t h e  o t h e r  hand t h e  comparison between t h e  

pr imary e l e c t r o n  speatrum and t h e  non-thermal r a d i o  

specstrum p r o v i d e s  i m p o r t a n t  c o n s t r a i n t s  on t h e  magnit-  

ude of  t h e  e l e c t r o n  modalat ion,  T h i s ,  i n  t u r n ,  m8y be 

used  t o  s e t  l i m i t s  on t h e  modulat ion of n u c l e i o  A 

comparison o f  t h e  modulat ion exper ienced  by e l e c t r o n s  

and by n u c l e i  w i l l  a l low one t o  d i s t i n g u i s h  between 

c o n t r i b u t i o n s  due t o  r i g i d i t y  and v e l o c i t y  dependent  

modulat ion and hence l e a d  t o  d e f i n i t i v e  conc lus ions  

r e g a r d i n g  t h e  mechanism and magnitude of t h e  s o l a r  

modulat ion.  

We now summarize t h e  approach t o  be used i n  t h i s  

pape r ,  

(.1) The elecrstron ,spectrum. measured a t  t h e  e a r t h  

i n  1966 w i l l  bet p r e s e n t e d ,  T h i s  spectrum 

i s  now q u i t e  a c c u r a t e l y  known. between about  

5 MeV and 6 BeV energy.  

(2) The e f f e c t s  of s o l a r  modulati,on ,on t h i s  spectrum w i l l  
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be d i scussed .  Although major u n c e r t a i n t i e s  s t i l l  e x i s t  i n  our 

knowledge of t h e  magnitude and energy dependence of t h i s  modul- 

a t i o n ,  s u f f i c i e n t l y  a c c u r a t e  l i m i t s  on t h e  i n t e r s t e l l a r  e l e c t r o n  

spectrum can be set t o  enab le  a u s e f u l  comparison w i t h  t h e  non- 

thermal  r a d i o  emiss ione  

( 3 )  The demodulated ( i n t e r s t e l l a r )  e l e c t r o n  spectrum w i l l  t h e n  

be r e l a t e d  t o t  

( a )  The c a l c u l a t i o n s  o f  "secondary" e l e c t r o n s  produced by 

cosmic r a y  n u c l e i  moving i n  t h e  ga laxy .  An a t t empt  w i l l  be 
- 1  

made t o  s e p a r a t e  t h e  s o - c a l l e d  "primary" and nsecondary" 

components of  e l e e t r o n s  a s  a f u n c t i o n  of energy. 

( b )  The o b s e r v a t i o n s  o f  non-thermal r a d i o  emiss ion  a s  

deduced f o r  t h e  l o c a l  r e g i o n  o f  t h e  d i s k .  C r u c i a l  t o  t h i s  

comparison is t h e  s t r e n g t h  of  t h e  l o c a l  g a l a c t i c  magnet ic  

f i e l d .  C e r t a i n  l i m i t s  a s  t o  t h e  s t r e n g t h  of t h i s  f i e l d  

will be o b t a i n e d .  

THE PRIMARY ELECTRON SPECTRUM 
------u------_U_------ 

The measurements on t h e  pr imary  e l e c t r o n  spectrum 

a p p r o p r i a t e  t o  1966 a r e  summarized i n  F i g u r e  1, Our measure- 

ments (Beedle and Webbes, 1967)  and t h o s e  of  L'Heureux (1967) 

a r e  seen  t o  be i n  e x c e l l e n t  agreement ove r  t h e  energy r ange  

200 MeV t o  6BeV Over which r ange  -the e l e c t r o n  speotrum can be 



r e p r e s e n t e d  by 

S i m i l a r l y  our work and %ha% of  C l i n e  e t ,  

r ange  below 20 MeV are, n s i s t e n t .  I n  t h i s  energy  range  t h e r e  

is c o n s i d e r a b l y  more u n c e r t a i n t y  r e g a r d i n g  t h e  spectrum, however. 

A spectrum embracing a l l  measurements can  be r e p r e s e n t e d  by 

E 1 - 8  0,2 m2 e s t e r - s e c  

The d e r i v a t i o n  of  t h e  spectrum i n  t h e  20-200 MeV range  has  been 

d i s c u s s e d  i n  two r e s e n t  p u b l i c a t i o n s ,  (Wabber, 1 9 6 8 ;  J o k i p i i ,  

L'Heureux and Meyer, 1967) .  It  i s  i n  t h i s  energy range  t h a t  a 

s i g n i f i c a n t  k ink  i n  t h e  e l e c t r o n  spectrum o a c u r s .  T h i s  k i n k  i s  

appa ren t  i n  b o t h  measurements. It p l a y s  a c r u c i a l  r o l e  i n  o u r  

subsequent  comparison o f  t h e  e l e c t r o n  spectrum w i t h  t h e  non- 

the rma l  r a d i o  emiss ion .  

A t  l e a s t  t h r e e  measurements of t h e  s l e e t r o n  spectrum above 

30 BeV p r e s e n t l y  e x i s t ,  (B l seke r  et. a l .  19673 Danie l  and 

Stephens ,  19673 and Danjo e t ,  a l ,  1967)*  We r e g a r d  t h e  i n t e g r a l  

measurement of Danie l  and S tephens  above 3.6 BeV as t h e  most 

b l e  - s i n c e  the energy i s  d e f i n e d  a s c u r a t e l y  by t h e  w e l l  

known geomag off, Assuming a d i f f e r e n t i a l  spectrum 

j ( E )  = Ke/E2.4 above. 1 6  BeV l o w s  us  t o  p l o t  t h e  Daniel  and 

Stephens  p o i n t  as  i s  shown i n  F i g u r e  2 ,  The measurement of 
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1 'Heureux (1967) does not  g i v e  an i n t s g r a l  f l u x  above t h e  high-  

e s t  d i f f e r e n t i a l  .. energy i n t e r v a l ,  howeverS Beedle and Webber 

(1967) o b t a i n  a f.lux of 4,5 P + 0,5 e l m  

6 BeV, Comparing t h i s  i n t e g r a l  v a l u e  w i  

o b t a i n e d  by Daniel  and Stephens  a t  t h e  a q u a t o r  a l lows  US t o  

o b t a i n  t h e  d i f f e r e n t i a l  f l u x  i n  the 6-16 BeV i n t e r v a l  as shown 

i n  F i g u r e  2. It i s  e v i d e n t  t h a t  a s imple  e x t e n s i o n  of t h e  

spec'trum measured below 6 BeV w i l l  no t  f i t  t h e  d a t a  a t  h i g h e r  

e n e r g i e s e  The dashed l i n e  i n  F igu re  2 is our b e s t  e s t i m a t e  

of t h e  speetrum between about  6 and 25 BeV, Thus i t  appea r s  

. t h a t  t h e r e  i s  a change o f  s l o p e  i n  t h e  pr imary  e l e c t r o n  spec-  

t r u m  a t  -6 BeV, and between 6 BeV and 25 BeV 

dJ 1.6~10~ s lecr t rons  

aE E2*4 re2 -stes-sea-MeV 

- z o_ 

The ooGurrenc@ of such a b reak ,  a r i s f n g  a s  a r e s u l t  o f  

t h e  d e g r a d a t i o n  o f  t h e  h igh  energy p a r t  of elecztron spectrum 

th rough  t h e  i n t e r a c t i o n  wi th  t h e  cosmiG 3 bL&ak body r a d i a t i o n  

has  been t h e  s u b j e a t  o f  much d i s a u s s i o n  s i n c e  t h e  o r i g i n a l  

obse rva t* ions  o f  Danie l  and Stephens (1966).  It i s  n o t  our  

purpose h e r e  t o  add f u r t h e r  s p e a n l a t i o n  t o  t h i s  q u e s t i o n ,  A? 

w i l l  be  s e e n  l a t e r  t h e  r a d i o  evidenGe f o r  such a break  i s  a t  

l e a s t  p a r t i a l l y  obsour  

i o n  i t s e l f  above 1000 Mhz, We p r e s e n t  ou r  b a s t  e s t i m a t e  of  

0 

by r a d i o  emiss ion  from t h i s  3' r a d i a t -  

t h e  h igh  energy p a r t  o f  t h e  e l e c t r o n  spscltrum s o  t h a t  t h e  
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e f f e c t s  of s o l a r  modulat ion on t h e  spectrum a t  low e n e r g i e s  may 

be  more f u l l y  a p p r e c i a t e d .  

SOLAR MODULATION OF ELECTRONS AND THE 

INTERSTELLAR ELECTRON SPECTRUM 

----_UP------------ 

-----I_------__. 

I n  o r d e r  t o  g a i n  some i n s i g h t  i n t o  t h e  problem of t h e  

s o l a r  modulat ion of e l e c t r o n s  l e t  us  b r i e f l y  summarize t h e  

c u r r e n t  s i t u a t i o n  w i t h  r e g a r d  t o  t h e  modulat ion of cosmic r ay  

p r o t o n s .  For t h e s e  p a r t i c l e s  t h e  g e n e r a l l y  r ecogn ized  form for 

t h e  modula t ion  may be w r i t t e n  (Nagashima, Duggal and Pomeranta, 

1 9 6 5 )  

where n ( r o )  and n(m) a r e  t h e  d e n s i t i e s  of cosmic rays  a t  t h e  

e a r t h  and  i n  i n t e r s t e l l a r  space ( o u t s i d e  of t h e  r e g i o n  o f  

s o l a r  modula t ion)  r e s p e c t i v e l y .  The q u a n t i t y  D i s  t h e  d i f f u s -  

i o n  c o e f f i c i e n t  d e s c r i b i n g  t h e  motion of t h e  p a r t i c l e s  i n  t h e  

s o l a r  magnet ic  f i e l d s  t h a t  pe rmia te  i n t e r p l a n e t a r y  space.  

K i s  a q u a n t i t y  r e l a t e d  most d i r e c t l y  t o  t h e  bulk  outward 

v e l o c i t y  of t h e  s o l a r  plasma ( t h e  s o l a r  wind) and t o  t h e  

e x t e n t  of t h e  r e g i o n  of' modulat ion about  t h e  sun. D i s  

dependent  on t h e  r i g i d i t y  and s p e c i e s  o f  t h e  p a r t i c l e  in 

q u e s t i o n  b u t  Kg i s  independent  o f  t h e s e  parameters .  

R 

D can and 
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h a s  been  a c c u r a t e l y  eva lua  d over  a wid@ range  of 

by s t u d y i n g  t d i t y  depisn e o f  

v a r i a t i  

It has  n o t  y b l e  t o  eva lu  

of KR experimentaL1y (and t h e r e f o r e  t h e  t a t a l  modulat ion 

e x i s t i n g  between t h e  e a r t h  and i n t e r s t e l  r spaae)  - a l though  

v a r i o u s  l i m i t s  Ban b e  sis of t h e o r e t i c a l  models 

(e.ge Quenby, 196 ).: G a a e r a l l y  t h e  v a l u e s  of KR o b t a i n e d  i n  

t h i s  way a r e  ~ 0 ~ 5  (ST), It 5s a l s o  p o s s i  t o  e s t i m a t e  

K by making a s r t a i n  assumpt ions  r e g a r d i n g  t h e  s i m i l a r i t y  of 

t h e  demodulated ( i n t e r s t e l l a r )  p ro ton  and helium s p e c t r a ,  

Values  o f  K o b t a i n e d  i n  % h i s  way have ranged  from <0,5 to 

a s  l a r g e  a s  2*5 BV (Balasubrahmanyan e t ,  a l .  (1967) ) .  

R 

R 

Consider  p a r t i c l e s  w i t h  an " e f f e c t i v e  r i g i d i t y "  o f  0,2 

BV = D (200 MeV eXect rons ,  22 MeV p r o t o n s ) ,  

r e s i d u a l  modulat ion pa rame te r s  KR a s  l a r g e  a s  2 B V ,  t h e  i n t e n s i t y  

of  p a r t i c l e s  o f  t h i s  p a r t i B u l a r  r i g i d i t y  i n  i n e e r s t e l l a r  space  

i s  exp" or 2x10' t i m e s  t h a t  a t  e a r t h ?  

Then i f  we accep t  

It is e v i d e n t  t h a t  

u n c e r t a i n t i e s  i n  t h e  v a l u e  t aken  f o r  KR l e a d  t o  even g r e a t e r  

u n c e r t a i n t i e s  i n  t h e  i n t e r s t e l l a r  o o s m i s  r a y  f l u x .  Recen t ly  

i (1967) have summarized a l l  e 

s of  own 

BV, w i t h  i t  ext remely  u n l i k e l y  t h a t  % i s  

g r e a t e r  t h a n  1,2 BVo 
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To a c t u a l l y  perform t h e  co r re spond ing  demodulat ion of t h e  

e l e c t r o n  spectrum we r e q u i r e  a knowledge o f  t h e  r i g i d i t y  

dependence of  t h e  e l e c t r o n  modulat ion i t s e l f ,  t h a t  i s  t h e  

e f f e c t i v e  d i f f u s i o n  c o e f f i c i e n t  for e l e c t r o n s .  Two r a t h e r  

s h a r p l y  d i v e r g e n t  measurements o f  t h e  e l e c t r o n  modula t ion  

p r e s e n t l y  e x i s t .  Our own measurements (Webber, 1967)  cove r ing  

t h e  r i g i d i t y  range  0.3-2 BV, g i v e  an  e l e c t r o n  modula t ion  which 

i s  t h e  same o r d e r  a s  t h a t  for p r o t o n s  a t  t h e  same r i g i d i t y .  

Below 0 , 3  BV we have s u g g e s t e d  t h a t  t h e  e f f e c t i v e  e l e c t r o n  

modula t ion  i s  independent  o f  energy ,  i n  keep ing  w i t h  a change- 

ove r  t o  a p u r e l y  v e l o c i t y  dependent modula t ion ,  which h a s  been  

observed  for p r o t o n s  o f  t h e s e  r i g i d i t i e s  (Ormes and Webber, 

1 9 6 8 ) .  L'Heureux e t .  a l e  (1967) can  f i n d  no ev idence  for s o l a r  

modula t ion  e f f e c t s  on t h e  e l e c t r o n  component and a s  a r e s u l t  

s e t  an  upper  l i m i t  o f  - 0,2 for t h e  r a t i o  o f  t h e  e l e c t r o n /  

p r o t o n  modula t ion  a t  t h e  same r i g i d i t y  i n  t h e  range  0.3-1 BV. 

I n  F i g u r e  2 w e  show t h e  e x t r a p o l a t e d  i n t e r s t e l l a r  e l e c t r o n  

i n t e n s i t i e s  u s i n g  our measurements o f  t h e  s o l a r  modula t ion  

e f f e c t s  and v a l u e s  of  KR = 0.6 BV and 1 . 0  BV. 

a t i o n  measurements of L'Heureux e t .  a l .  (1967)  a r e  used  

t h e n  t h e  i n t e r s t e l l a r  e l e c t r o n  i n t e n s i t y  i s  v i r t u a l l y  t h e  same 

as t h a t  measured n e a r  t h e  e a r t h  i n  1 9 6 6 ,  even for r e s i d u a l  

If t h e  modul- 
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modulat ion pa rame te r s  a s  l a r g e  as 1 BV. 

As a r e s u l t ,  t h e r e  e x i s t  two r a t h e r  c l e a r  c u t  l i m i t s  on 

t h e  p o s s i b l e  i n t e r s t e l l a r  e l e c t r o n  spectrum - depending on which 

modulat ion i s  assumed f o r  t h e  e l e c t r o n s .  

COMPARISON OF ELECTRON SPECTRA WITH CALCULATIONS OF "SECONDARY" 
---------I-- ----_u_- 

ELECTRONS PRODUCED I N  THE GALAXY 

Two c a n d i d a t e s  have been proposed f o r  t h e  source  o f  t h e  

e n e r g e t i c  e l e c t r o n s  t h a t  a r e  observed  n e a r  t h e  e a r t h .  They 

a r e :  (1) C o l l i s i o n s  o f  cosmic r a y  n u c l e i  w i th  i n t e r s t e l l a r  

m a t e r i a l  w i t h  t h e  subsequent  p roduc t ion  o f  ll-mesons and decay 

muons and e l e c t r o n s ,  and (2) d i r e c t  a c c e l e r a t i o n ,  presumably,  

a l though  n o t  n e c e s s a r i l y ,  i n  t h e  source  r e g i o n s  which a l s o  

a c c e l e r a t e  t h e  cosmic r a y  n u c l e i ,  The i n t e n s i t y  o f  e l e c t r o n s  

f r o m  t h e  f i r s t  mechanism, known a s  secondary e l e c t r o n s ,  can 

and has  been c a l c u l a t e d  u s i n g  d a t a  on t h e  c r o s s  s e c t i o n s  and 

m u l t i p l i c i t i e s  f o r  n-meson p roduc t ion  and independent  e s t i m a t e s  

of t h e  amount of i n t e r s t e l l a r  m a t e r i a l  t h a t  t h e  cosmic r a y  n u c l e i  

have t r a v e r s e d .  An a n a l y s i s  of t h i s  problem us ing  oont,emporary 

e s t i m a t e s  of t h e  r e l e v a n t  q u a n t i t i e s  h a s  been c a r r i e d  o u t  by 

R a m a t y  and L i n g e n f e l t e r  (1966) .  The i r  e s t i m a t e s  of t h i s  

secondary e l e c t r o n  spectrum f o r  t h e  l i m i t s  t h a t  t h e  e n e r g e t i c  

cosmic r a y  n u c l e i  have passed  through 3 and 6"cm2 of  m a t e r i a l  
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a r e  shown i n  F i g u r e  2, A comparison of  t h e s e  c a l c u l a t i o n s  

w i t h  t h e  e l e c t r o n  spectrum measured a t  e a r t h  and t h a t  es t im- 

a t ed  t o  e x i s t  i n  i n t e r s t e l l a r  space i s  i l l u m i n a t i n g .  F i r s t  

w e  observe  t h a t  t h e  commonly r e f e r e n c e d  s i t u a t i o n  wherein t h e  

observed  e l e c t r o n  i n t e n s i t y  i s  much g r e a t e r  t h a n  t h e  p r e d i c t -  

ed "secondary" f l u x ,  t h u s  s u g g e s t i n g  a n o t h e r  source  f o r  t h e s e  

p a r t i c l e s ,  is c e r t a i n l y  e v i d e n t  above 1 BeV. However, below 

500 MeV %he. measurad i n t e n s i t y  of e l e c t r o n s  a t  e a r t h  i s  

a c t u a l l y  l e s s  t h a n  t h e  secondary  source .  Between 30 and 150 

MeV t h i s  d e f i c i e n c y  i s  a f a c t o r  of  5. 

If t h e  c a l c u l a t e d  t tsecondary" i n t e n s i t i e s  a r e  now com- 

pa red  w i t h  t h o s e  deduced for i n t e r s t e l l a r  space  we f i n d  t h e  

two a re  comparable a t  e n e r g i e s  c 2 0 0  MeV, if t h e  e l e c t r o n  

modulat ion measured by Webber, 1 9 6 7  i s  used. 

If t h e  e l e c t r o n  modulat ion measurements of L'Heureux 

e t .  a l .  (2967)  a r e  t a k e n  t h e n  t h e  i n t e r s t e l l a r  e l e c t r o n  

f l u x  i n  t h e  30-200 MeV i s  inadequa te  by a F a c t o r  of a t  l e a s t  

3,  t o  account  f o r  t h e  expec ted  secondary e l e c t r o n  i n t e n s i t y .  

It would be n e c e s s a r y  t o  assume t h a t  e n e r g e t i c  (.> 1 BeV/nuc) 

cosmic ray p r o t o n s  have t r a v e l l e d  through - l Q / c m 2  of i n t e r -  

s t e l l a r  m a t e r i a l  i n  o r d e r  t h a t  t h e  c a l c u l a t e d  secondary 

i n t e n s i t y  a g r e e s  w i t h  t h e  e x t r a p o l a t e d  i n t e r s t e l l a r  e l e c t r o n  

i n t e n s i t y .  

h e a v i e r  cosmic ray n u a l e i ,  o b t a i n e d  us ing  measurements of 

The b e s t  v a l u e  f o r  e n e r g e t i c  (>1 BeV/nUc) 



-1 2- 

2 t h e  abundance of  L i ,  B e  and B n u c l e i  i s  4.5 2 I g/crn 

(Shapi ro  and S i l b e r b e r g ,  1 9 6 7 ) .  We b e l i e v e  t h a t  i t  i s  

r e a s o n a b l e  t o  assume t h a t  t h e  amount of m a t e r i a l  t r a v e r s e d  

by p r o t o n s  and h e a v i e r  n u c l e i  i s  t h e  same and t h a t  a subs t an t -  

i a l  amount of s o l a r  modulat ion i s  a f f e c t i n g  t h e  low energy 

e l e c t r o n s  observed  a t  t h e  e a r t h .  

We w i l l  s e e  t h a t  a comparison of t h e  low energy  i n t e r -  

s t e l l a r  e l e c t r o n  i n t e n s i t y  and t h e  l o c a l  low f r equency  r a d i o  

emis s ion  a l s o  s u g g e s t s  t h a t  s u b s t a n t i a l  modulat ion of  t h e  l o w  

energy  e l e c t r o n s  must b e  occur r ing .  

The synchro t ron  mechanism i s  g e n e r a l l y  c o n s i d e r e d  t o  b e  

r e s p o n s i b l e  f o r  most of t h e  non-thermal r a d i a t i o n  from our  

ga l axy ,  S e v e r a l  a u t h o r s  (Schwinger,  1949;  Oort  and Walraven, 

1 9 5 6 )  have d i s c u s s e d  t h e  t h e o r y  o f  synchro t ron  r a d i a t i o n  and 

have p r e s e n t e d  t h e  n e c e s s a r y  formulae .  We s h a l l  p r e s e n t  them 

h e r e  o n l y  i n s o f a r  as t h e y  a r e  r e l e v a n t  t o  ou r  a n a l y s i s .  

A r e l a t i v i s t i c  e l e c t r o n  g y r a t i n g  i n  a magnetic f i e l d  
-28 g e n e r a t e s  synchro t ron  r a d i a t i o n  a t  a r a t e  PTOT= 6x10 

E B, e r g s  

component o f  t h e  magnetic f i e l d ,  i s  i n  microgauss .  The s p e c t r a l  

where E i s  i n  MeV and B,, t h e  p e r p e n d i c u l a r  2 2  
/ sec  

d i s t r i b u t i o n  of t h i s  r a d i a t i o n i s  c h a r a c t e r i z e d  b y  a f r equency  
-. 
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-5 2 v (MHz)  = 3.6~10 E B, 
C 

w i t h  B, a g a i n  i n  p G ,  and E i n  MeV, 

The a c t u a l  s p e c t r a l  d i s t r i b u t i o n  of power e m i t t e d  by a 

s i n g l e  e l e c t r o n  is g iven  by 

(x 

i 

dP - = 2.jx10-~~~(a)B, e r g s  
du /sacoldHz 

F ( a )  has  been t a b u l a t e d  (Westfold,  1959)  and 

have a maximum a t  am-Oe5 d e c r e a s i n g  a s  
1 

* (;Y 
f o r  rT) <<I and i n  an e x p o n e n t i a l  fashi-on f o r  L>>lOc I n  

a c t u a l  f a c t  t h e  f r e q u e n c y  a t  which maximum power i s  e m i t t e d  

V 
C 

C 

N '  

Suppose now t h e r e  e x i s t s  a d i f f e r e n t i a l  spectrum of 

S U .  s V c *  rg 

e l e c t r o n s  g iven  by 

t h e n  t h e  volume e m i s s i v i t y  of synchro t ron  emiss ion  p e r  u n i t  

f requency  i n t e r v a l  i s  g iven  by 

Where n,(q)dE i s  t h e  d e n s i t y  of  e l e o t r o n s  i n  t h e  energy i n t e r v a l  

E t o  E and dE.  The i n t e n s i t y  o f  synchro t ron  emiss ion  a long  a 

p a r t i c u l a r  l i n e  of s i g h t  i s  
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I ( v )  = a ( v ) d r  /a 0 
where t h e  e x t e n t  of t h e  r a a i a t i n g  r e g i o n  i s  g iven  by R. -. 

Usua l ly  t o  o b t a i n  I ( v )  a number of assumptions a r e  mader 

(1) The e l e c t r o n  d i s t r i b u t i o n  i s  i s o t r o p i c  and n(E) i s  

c o n s t a n t  ove r  t h e  r e g i o n  of i n t e g r a t i o n r  (2) The magnet ic  

f i e l d  i s  d i s o r d e r e d  o r  c h a o t i c .  It i s  a l s o  f requenl l -y  
- 

assumed t h a t  a l l  t h e  emis s ion  t a k e s  p l a c e  a t  t h e  c h a r a c t e r i s t i c  

f r equenoy  v I n  t h i s  i n s t a n c e  t h e  s p e c t r a l  form of  t h e  

emis s ion  t a k e s  t h e  p a r t i c u l a r l y  s imple f o r m  
C 

I ( L +  u Y 

where y i s  r e l a t e d  t o  t h e  e l e c t r o n  s p e c t s a l  exponent by 

( f o r  v > v c ) .  The i n t e n s i t y  of  emis s ion  a t  a p a r t i c u l a r  I -m 
Y , =  

frd+Uency i s  r e l a t e d  t o  t h e  magnet ic  f i e l d  s t r e n g t h  B, t h rough  

t h e  e l e o t r o n  spectrum by 

T h i s  so  c a l l e d  6 f u n c t i o n  approximat ion  i s  p a r t i c u l a r l y  

u s e f u l  f o r  r e l a t i n g  a n  e l e c t r o n  spectrum of c o n s t a n t  s p e c t r a l  

index to t h e  spectrum o f  r a d i o  emiss ion .  If' t h e  e l e c t r o n  

s p e c t r a l  i ndex  i s  changing w i t h  energy  o r  has a d i s c o n t i n u i t y  
L- 

t h e n  t h e  8 - f u n s t i o n  approximat ion  i s  inadequa te  - p a r t i o u l a r l y  

for o b t a i n i n g  t h e  low f r equency  p a r t  o f  t h e  r a d i o  emiss ion  
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spectrum. 

Consider  t h e  f o l l o w i n g  examples. The e l e c t r o n  spectrum 

cor responding  
K 

i s  g iven  by j ( E ) d E  =e above some energy E 

t o  t h e  c h a r a c t e r i s t i c  f r equency  v Below t h i s  energy t h e  

e l e c t r o n  spectrum i s  g iven  by; (1) j ( E ) d E  E 0;and ( 2 )  j ( E ) d E  zz 

E2 * 2 I 

c l  

c o n s t .  I n  F i g u r e  3 t h e  r e l a t i v e  r a d i o . e m i s s i o n  a s  a f u n c t i o n  

of f r equency  c a l c u l a t e d  f o r  t h e s e  e l e . c t r o n  s p e c t r a  ua%n& t h e  

& - f u n c t i o n  approximat ion  and also by a c t u a l l y  c a r r y i n g  o u t  

t h e  r e q u i r e d  i n t e g r a t i o n  us ing  t h e  e x p l i c i t  v a l u e s  f o r  t h e  

f u n c t i o n  f ( a )  a s  t a b u l a t e d  by Westfold (1959)  ape shown. 

The l a r g e  d i f f e r e n c e  i n  t h e  two c a l c u l a t i o n s  a t  l o w  f r e q u e n c i e s  

i s  due mainly t o  t h e  long  l o w  f r equency  t a i l  on t h e  f u n c t i o n  

F ( a ) .  Even for an e l e c t r o n  spectrum which becomes z e r o  below 

some energy  E1 t h e  synchro t ron  emiss ion  spectrum f a l l s  o f f  no 

f a s t e r  t h a n  And f o r  a d i f f e r e n t i a l  

e l e c t r o n  spectrum t h a t  becomes c o n s t a n t ,  t h e  synchro t ron  

I 

- -5 a t  low f r e q u e n c i e s ,  (3 
spectrum becomes almost  f l a t  a t  l o w  f r e q u e n c i e s  and shows a 

g r a d u a l  f l a t t e n i n g  becoming n o t i c e a b l e  a t  "2vC even though 

t h e  change i n  t h e  e l e c t r o n  spectrum i s  abrupt .  (Compare wi th  

d i s c u s s i o n  of  T u r t l e ,  1963) .  

I n  a p l o t  such as Yigure 3 ,  t h e  shape of  t h e  emiss ion  

speotrum f r o m  d i f f e r e n t  r e g i o n s  should  be  s i m i l a r  a s  l o n g  

as we assume t h a t  t h e  e l e c t r o n  s E t r u m  i n  t h e s e  r e g i o n s  i s  

also s i m i l a r ,  however, t h i s  curve w i l l  be d i s p l a c e d  a long  

t h e  l o g  v a x i s  by a c o n s t a n t  amount depending on t h e  r a t i o  

- -I 
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of t h e  f i e l d  s t r e n g t h s  i n  t h e  two r e g i o n s  (and a l s o  by any 

change i n  t h e  a b s o l u t e  i n t e n s i t y  o f  t h e  e l e o t r o n s  themse lves ) .  

C o n s i d e r a t i o n s  r e g a r d i n g  t h e  a c t u a l  d i s t r i b u t i o n  of f i e l d  

s t r e n g t h  and d i r e c t i o n  a long  a l i n e  of s i g h t  and d e v i a t i o n s  of 

t h e  e l e c t r o n  d i s t r i b u t i o n  f r o m  i s o t r o p y  may modify t h e  above 

arguments  s l i g h t l y .  We do n o t  b e l i e v e  t h a t  t h e  added complic-  

a t i o n  i n t r o d u c e d  by c o n s i d e r i n g  t h e s e  e f f e c t s  i s  j u s t i f i e d  a t  

t h e  p r e s e n t  s t a g e  of a n a l y s i s ,  

Our o b j e c t i v e  i n  t h i s  s e c t i o n  i s  t o  d e r i v e  t h e  l o c a l  

i n t e r s t e l l a r  volume e m i s s i v i t y  of  r a d i o  emiss ion  c h a r a c t e r i z i n g  

a r e g i o n m  0.5Kpc i n  d i ame te r  c e n t e r e d  on t h e  sun. This  emiss iv-  

i t y  w i l l  t h e n  be r e l a t e d  t o  t h e  i n t e r s t e l l a r  e l e c t r o n  spectrum. 

Th i s  approach d i f f e r s  Prom most o f  t h e  p r e v i o u s  approaches ,  

(e ,g .  F e l t o n ,  1 9 6 6 )  where in  t h e  e l e c t r o n  measurements nea r  t h e  

e a r t h  a r e  r e l a t e d  d i r e c t l y  t o  r a d i o  emiss ion  f r o m  t h e  g a l a c t i c  

h a l o  . 
For t h e  d e r i v a t i o n  o f  t h e  l o c a l  i n t e r s t e l l a r  r a d i o  emiss ion  

i t  s h g l l  be  convenient  t o  c o n s i d e r  two r e g i o n s  of t h e  r a d i o  

f requency  spectrum . 
(1) Frequeno ies  2 30 HMe where i n t e r s t e l l a r  a b s o r p t i o n  

by f r e e  e l e c t r o n s  (HII r e g i o n s )  i s  n o t  impor t an t .  

(2) F r e q u e n c i e s  < 30 MHz and ex tend ing  down t o  - 1 MHz 
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where i n t e r s t e l l a r  a b s o r p t i o n  e f f e c t s  a r e  becoming pro-  

gresa ive ly  more impor t an t  p a r t i c u l a r l y  i n  t h e  d i r e c t  

t h e  g a l a c t i c  c e n t e r .  

uaZly a t  t h e  lowe 

i s  -1 a t  d i s t a n c e s  o f  l e s s  t h a n  1 Kpc i n  some 

i n d e e d  we a r e  s e e i n g  o n l y  t h e  s y n c h r o t r o n  emiss ion  from 

" l o c a l "  e l e c t r o n s .  

I n  b o t h  f r equency  r a n g e s  t h e  r a d i o  emis s ion  as  a f u n c t i o n  

o f  f r e q u e n c y  w i l l  be d e r i v e d  i n  f o u r  d i r e c t i o n s :  t h e  g a l a c t i c  

c e n t e r ,  t h e  a n t i - c e n t e r ,  t h e  n o r t h  p o l a r  r e g i o n ,  and t h e  d i r -  

e c t i o n  o f  minimum r a d i o  b r i g h t n e s s  ( B . A .  - 10 h r s ,  6 - 40'). 

Then by a p r o c e s s  of  s u b t r a c t i o n  we s h a l l  d e r i v e  t h e  l o c a l  r a d i o  

e m i s s i v i t y  spectrum. 

I n  t h e  c a s e  of t h e  s p e c t r a  i n  t h e  d i r e c t i o n  of  t h e  g a l -  

a c t i c  c e n t e r  and a n t i - c e n t e r  i t  i s  n e c e s s a r y  t o  use  su rveys  

w i t h  s u f f i c i e n t l y  narrow beam wid ths  (e .g .  '"1 ) t o  r e s o l v e  

t h e  g a l a c t i c  d i s k .  I n  some i n s t a n c e s  we have u t i l i z e d  surveys  

of medium r e s o l u t i o n  ( N I O 0 )  t o  s u b s t a n t i a t e  t h e  narrow beam 

d a t a  when it i s  f e l t  t h a t  t h e y  c o n t r i b u t e  a h i g h e r  l e v e l  of 

a b s o l u t e  accuracy .  For our purposes  t h e  a n t i c e n t e r  i s  d e f i n e d  

, b" = 175' - 185'. a s  t h e  r e g i o n  e'* = + 2 

= + 2 b'* = 350' - 10' - o m i t t i n g  t h e  s t r o n g  s o u r c e  Sgr A 

0 

And t h e  c e n t e r  4'' 0 - 
0 

i n  o f  t h e  new g a l a c  

medium r e s o l u t i o n  su rveys  a r e  s y n t h e s i z e d  

t o  t h e s e  s p e c i f i c  r e g i o n s  u s i n g  t h e  most r e l e v a n t  
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i2arrow beam survey.  

I n  t h e  c a s e  of t h e  s p e c t r a  i n  t h e  n o r t h  p o l a r  r e g i o n  and 

t h e  d i r e c t i o n  of  minimum r a d i o  b r i g h t n e s s  bo th  medium 

r e s o l u t i o n  and low r e s o l u t i o n  ( - 3 0 " )  s t u d i e s  have been  used. 

It should  be  p o i n t e d  o u t  t h a t  t h e  b r i g h t n e s s  i n  t h e s e  

d i r e o t i o n s  does  depend t o  some ex-tent on t h e  r e s o l u t i o n  of  

t h e  i n s t r u m e n t  invo lved .  (The b e t t e r  %he r e s o l u t i o n  t h e  

l o w e r  t h e  b r i g h t n e s s ) .  We have a t t empted  t o  a d j u s t  a11 

measurements i n  t h e s e  d i r e c t i o n s  'to a common a p e r a t u r e  of 
0 0 I 5  x 15 a g a i n  us ing  t h e  m o s t  r e l e v a n t  h i g h e r  r e s o l u t i o n  

su rvey  

I n s t a n c e s  i n  which t h e  p u b l i s h e d  b r i g h t n e s s e s  have bean 

modi f ied  by more t h a n  25% by t h e s e  a d j u s t m e n t s  a r e  no ted  

i n d i v i d u a l l y  e 

The specQ;ra  above 1 0  MHz for t h e  p o l a r  d i r e c t i o n  and 

t h e  d i r e c t i o n  of t h e  minimum b r i g h t n e s s  a r e  shown i n  F i g u r e  

4. (The s p e c t r a  below 1 0  MHz for t h e  p o l a r  r e g i o n  w i l l  b e  

p r e s e n t e d  s e p a r a t e l y ) .  The l e t t e r s  b e s i d e  each p o i n t  i n d i c -  

a t e  t h e  a u t h o r s  r e s p o n s i b l e  f o r  each  measurement. Measure- 

ments of t h e  t o t a l  p o l a r  emiss ion  l e a n  h e a v i l y  on the  most  

r e c e n t  work o f  t h e  Cambridge group (e,g. Andrew, 1967, Pur ton ,  

1966 and B r i d l e ,  1967) which has updated and ex tended  t h e  

e a r l i e r  work of T u r t l e  e t .  a l .  1963, and o t h e r s ,  It should  

be p o i n t e d  o u t  t h a t  t h e  e m i s s i v d t y  i n  t h e  s o u t h e r n  p o l a r  

r e g i o n ,  as  i l l u s t r a t e d  by t h e  measurements of Yates  and 
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Wieleb insk i  (1966) i s  i d e n t i c a l  t o  w i t h i n  20% t o  t h a t  i n  t h e  

n o r t h e r n  p o l a r  r eg ion ,  The s o l i d  l i n e  i n  F i g u r e  4 r e p r e s e n t s  

a simple speetrum o f  t h e  f o r m .  

X ( V )  LZ 3, ,4  x o-0'60ergs/cm2-ster-sec-MH~ 

There i s  some evidenete t h a t  t h e  spectrum i s  becoming 

f l a t t e r  a t  t h e  lower  f r e q u e n c i e s  a l though  i t  i s  d i f f i c u l t  f a r  

u s  t o  see how a s p e c t r a l  exponent  muoh g r e a t e r  t h a n  0.7 can b e  

t a k e n  a t  F requenc ie s  > 5 0  MHe. It should  b e  noted  t h a t  Anand 

e t ,  a l .  (1967), us ing  much t h e  same d a t a ,  hava dramn a 

smoothly v a r y i n g  G u m e  th rough t h e V d a t a o  Their cukve  

which g i v e s  a s p e c t r a l  exponent  0.4 a% the l o w &  equ encie  s 

i s  c e r t a i n l y  an a l t e r n a t i v e  f i t  t o  our  d a t a  p o i n t s .  I n d i v i d -  

u a l  a u t h o r s  have a l s o  t r i e d  t o  f i t  t h e i r  own d a t a  p o i n t s  and 

a r r i v e d  a t  e s s e n t i a l l y  t h e  same concluB3.0no For example,  

P u r t o n  (1966), Andrew (1966), and B r i d l e  (1967) a l l  f i n d  t h a t  

an exponent  0.4. i s  most s u i t a b l e  i n  t h e  range  10-100 MHz, 

whereas  above t h i s  f r e q u e n c y  t h e y  suppor t  an exponent  .u 0.9, 

Yates  and Wie leb insk i  (1964) f i n d  an exponent  0-5 a t  85 

MHz slowly dec reae ing  t o  0.3  a t  t h e  l o w  Frequency end o f s t h e i r  

range.  Abpve 85 MC/S t h e y  FaGour an exponent  wO.6. 

The emZssion i n  t h e  d i r e c t i o n  o f  minimum b r i g h t n e s s  i s  

about 50% of t h a t  i n  t h e  p o l a r  r eg ion .  The spectrum i n  

t h i s  d i r e c t i o n  i s  no t  a s  well d e f i n e d  b u t  appea r s  t o  be v e r y  
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s i m i l a r  t o  t h a t  i n  t h e  p o l a r  d i r e c t i o n ,  

From o b s e r v a t i o n s  o f  t h e  v a r i a t i o n  o f  b r i g h t n e s s  and 

s p e c t r a l  index  a c r o s s  t h e  sky a number of o b s e r v e r s  have 

a t t empted  t o  d l f e rmine  t h e  p e r c e n t a g e  of t h e  r a d i o  emiss ion  

t h a t  could b e  e x t r a - g a l a c t i c .  It i s  assumed t h a t  t h i s  e x t r a -  

g a l a c t i c  emiss ion  i s  i s o t r o p i c  and has  a d i f f e r e n t  ( s t e e p e r )  

s p e c t r a l  index  t h a n  t h a t  coming f r o m  t h e  v a r i o u s  r e g i o n s  of  

t h e  ga laxy .  The e s t i m a t e s  o f  t h i s  e x t r a - g a l a c t i c  component, 

a r e  shown i n  F i g u r e  4. They seem t o  d e f i n e  a spectrum o f  

s l o p e  0.8 and of magnitude 30% o f  t h e  t o t a l  p o l a r  emiss ion  

a t  10  MHz. If indeed  t h e  e x t r a - g a l a c t i c  component has  such 

a s t e e p  spectrum. and it ex tends  t o  lower f r e q u e n c i e s  t h e n  i t  

may d o m h a t e  t h e  f l a t t e n i n g  t o t a l  p o l a r  spectrum a t  f r e q u e n c i e s  

of 1-2 MHz. T h i s  i n t e r e s t i n g  p o s s i b i l i t y  has  been d i s c u s s e d  

i n  some d e t a i l  by Smith (1966)* 

The s i t u a t i o n  i n  t h e  g a l a c t i c  c e n t e r  and a n t i - c e n t e r  

d i r e c t i o n s  i s  shown i n  F i g u r e  5. A t  f r e q u e n c i e s  below 38 MHz 

t h e r e  i s  a l a c k  of h igh  r e s o l u t i o n  d a t a  for t h e  a n t i - c e n t e r  

r e g i o n .  For t h i s  r e a s o n  we have used medium and l o w  r e s o l u t i o n  

measurements, s y n t h e s i z i n g  t h e  e m i s s i v i t i e s  found i n  t h e s e  

lower  r e s o l u t i o n  s t u d i e s  t o  t he '* s t anda rd  a n t i - c e n t e r  d i r e c t i o n  

u s i n g  t h e  h i g h  r e s o l u t i o n  measurements of  Blythe (1957) a t  

38 IY?J&,~ These ad jus tmen t s  amount t o  m u l t i p l y i n g  t h e  g iven  

low r e s o l u t i o n  r a d i o  i n t e n s i t i e s  by f ac to r s  o f  f rom 1.1 t o  

1.3. 
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The d rama t i c  d e c r e a s e  i n  t h e  s p e c t r a  below 20 MHa i n  

t h e  c e n t e r  and a n t i - c e n t e r  d i r e c t i o n s  due t o  a b s o r p t i o n  by 

i o n i z e d  hydrogen i s  c l e a r l y  ev iden t .  Above about  30 MHz, 

however, b o t h  s p e c t r a  f o l l o w  v e r y  c l o s e l y  t h e  s o l i d  l i n e s  

which a re  drawn f o r  s p e c t r a l  i n d i c e s  =-0.6. The magnitude 

of t h e  a n t i - c e n t e r  emiss ion  is about t w i c e  t h a t  i n  t h e  p o l a r  

d i r e c t i o n  whereas  t h e  emiss ion  i n  t h e  d i r e c t i o n  of  t h e  g a l a c t i c  

c e n t e r  i s  about  1 0  t i m e s  t h a t  i n  t h e  a n t i - c e n t e r  d i r e c t i o n .  

The c h a r a c t e r i s t i c s  of  t h e  spectrum above 1 0  MHz i n  t h e  a n t i  

c e n t e r  r e g i o n  a r e  i n  F a c t  n o t  n o t i c e a b l y  d i f f e r e n t  t h a n  t h e  

spectrum i n  t h e  p o l a r  direction, a p o i n t  which i s  i n  agreement 

w i t h  t h e  c o n c l u s i o n s  of  P u r t o n  (1966) ,  Andrew (1966),  and B r i d l e  

(1967). 

c e n t e r  i s  i d e n t i c a l  t o  t h a t  found by Komesaroff (1961) .  

- 
The i n d e x  of -0,6 i n  t h e  d i r e c t i o n  of t h e  g a l a c t i c  

THE LOCAL D I S K  E M I S S I V I T Y  --- ---------_ 
T o  d e r i v e  f r o m  t h e s e  measurements a v a l u e  for t h e  l o c a l  

d i s c  e m i s s i v i t y  w e  must f i r s t  c o n s i d e r  a s imple  geomet r i ca l  

p i c t u r e  for t h e  g a l a c t i c  d i s c  and ha lo .  Th i s  would be  a 

s p h e r i c a l  h a l o  of  r a d i u s  1 5  Kpc, and a f l a t  d i s c  a l s o  of r a d i u s  

15 Kpc and of  semi- th ickness  0,4 Kpc. I n  t h i s  p i c t u r e  t h e  

sun  i s  a t  a d i s t a n c e  of 1 0  Kpc from t h e  c e n t e r  - approximate ly  

on t h e  g a l a c t i c  equa to r  ( s e e  F i g u r e  7 a ) .  

If t h e  e m i s s i v i t y  were uniform throughout  t h e  d i s c  t h e  

r a t i o  of i n t e n s i t i e s  i n  t h e  c e n t e r - a n t i c e n t e r  d i r e c t i o n  would 
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be 5 : l .  The observed  r a t i o  3 1 O : l  i n d i c a t e s  t h a t  t h e  average 

e m i s s i v i t y  must i n c r e a s e  a s  one moves towards t h e  c e n t e r  of t h e  

ga l axy .  To  examine t h i s  b e h a v i o r  more c l o s e l y  we have u t i l i z e d  

t h e  r e s u l t s  of s i x  su rveys  o f  non-thermal r a d i o  emis s ion  w i t h  

s u f f i c i e n t l y  narrow beam wid ths  t o  r e s o l v e  t h e  g a l a c t i c  d i s k .  

For b" = 0 ( g a l a c t i c  e q u a t o r )  t h e  l o n g i t u d i n a l  v a r i a t i o n  of 

t h e  non-thermal component of r a d i o  emis s ion  i s  p l o t t e d  i n  

F i g u r e  6 .  The d a t a  a r e  mormalized i n  t h e  a n t i - c e n t e r  d i r e c t i o n  

u s i n g  a v - O o 6  dependence f o r  t h e  emiss ion .  

The g a l a c t i c  p r o f i l e  i s  very  s i m i l a r  from each of t h e s e  

s t u d i e s  and shows an i n c r e a s i n g  wea l th  of d e t a i l  w i t h  i n c r e a s -  

i n g  r e s o l u t i o n  ( r e l a t e d  to s p i r a l  arm s t r u c t u r e ,  e t c ) ,  The 

i n t e n s i t y  p r o f i l e  t o  be  expec ted  if t h e  e m i s s i v i t y  i s  uniform 

throughout  t h e  d i s k  i s  shown a s  curve  A -  The f a c t  t h a t  t h e  

observed  i n t e n s i t y  p r o f i l e s  f o l l o w  t h i s  curve  f o r  a l l  d i r e c t i o n s  

excep t  w i t h i n  50 of t h e  g a l a c t i c  c e n t e r  i n d i c a t e s  t h a t  t h e  0 

e m i s s i v i t y  must be almost  independent  of  r a d i u s  st d i s t a n c e s  

2 10 Kpc from t h e  g a l a c t i c  c e n t e r .  T h i s  l e a d s  u s  t o  cons id -  

e r  a v e r y  s imple p i c t u r e  f o r  e m i s s i v i t y  as a f u n c t i o n  of  

d i s t a n c e  ou t  t o  8 Kpc f rom t h e  g a l a c t i c  c e n t e r ,  

e (7) = B s  (4.8 - 0 , 6 r )  

r i s  i n  Kpc., B i s  t h e  e m i s s i v i t y  n e a r  t h e  sun, Beyond 8 Kpc 

t h e  e m i s s i v i t y  remains  c o n s t a n t  ou t  t o  t h e  boundary of t h e  
S 
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d i s k  a t  1 5  Kpc. The co r re spond ing  g a l a c t i c  d i s k  i n t e n s i t y  

p r o f i l e  i s  g i v e n  by cu rve  B i n  F i g u r e  6 .  Approximately as 

good a f i t  t o  t h e  observed  p r o f i l e  would b e  o b t a i n e d  

r (-1.6 ) 
S 

e ( r )  = e 
S 

(e.g,  compare w i t h  Okuda and Tanaka, 1967) 

t h e  b i g g e s t  d i f f e r e n c e  be ing  i n  t h e  con t inued  drop  off i n  

e m i s s i v i t y  beyond I O  Hps which i s  n o t  e v i d e n t  i n  t h e  g a l a c t i c  

d i s k  i n t e n s i t y  p r o f i l e s .  

To o b t a i n  t h e  e m i s s i v i t y / u n i t  volume i n  t h e  d i s k  n e a r  t h e  

sun i t  i s  on ly  n e c e s s a r y  t o  d i v i d e  t h e  i n t e n s i t y  of  r a d i o  

emis s ion  i n  t h e  a n t i c e n t e r  d i r e c t i o n  by (4II)x5 Kpc., t h e  

assumed d i s t a n c e  over  which t h i s  emis s ion  i s  coming. T h i s  

p rocedure  n e g l e c t s  t h e  e x t r a - g a l a c t i c  component which i s  w l O $  

o f .  t h e  t o t a l  emis s ion  i n  t h e  a n t i c e n t e r  d i r e c t i o n .  It a l s o  

n e g l e c t s  t he  f a c t  t h a t  t h e  emiss ion  i s  probably  n o t  un i formly  

d i s t r i b u t e d  ove r  t h e  5 Kpc d i s t a n c e  t o  t h e  boundary b u t  i s  

c o n c e n t r a t e d  i n  t h e  s p i r a l  arms. S ince  t h e  sun i s  l o c a t e d  i n  

, +  

( a t  t h e  edge of t h e  Orion arm) a n  a r m ,  a c o n s i d e r a t i o n  of  t h i s  

non-uniformity would t e n d  t o  enhance t h e  v a l u e s  f o r  t h e  l o c a l  

e m i s s i v i t y .  

If one were t o  t a k e  t h e  e x p o n e n t i a l  dec rease  of  e m i s s i v i t y  

i l l u s t r a t e d  i n  F i g u r e  7 t h e  l o c a l  e m i s s i v i t y  would need t o  be 

-1.4 t i m e s  g r e a t e r .  

I n  F i g u r e  8 we show t h e  l o c a l  e m i s s i v i t y  deduced f rom 
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model i n  which t h e  e m i s s i v i t y  i s  uniform beyond 8 Kpc. 

T h i s  l o c a l  e m i s s i v i t y  can b e  r e p r e s e n t e d  b y  a form 

above 20 MHz, f l a t t e n i n g  a p p r e c i a b l y  a t  lower  f r e q u e n c i e s .  

Before comparing t h i s  d i r e c t l y  w i t h  t h e  e l e c t r o n  spectrum 

l e t  u s  a t t e m p t ,  u s ing  t h e  above spectrum f o r  t h e  l o c a l  emiss iv-  

i t y ,  t o  d e r i v e  a c h a r a c t e r i s t i c  e m i s s i v i t y  spectrum for t h e  

ha lo .  Now as  one looks o u t  i n  t h e  p o l a r  d i r e c t i o n  and t h e  

d i r e c t i o n  of minimum non-thermal r a d i o  emiss ion ,  c o n t r i b u t i o n s  

w i l l  occur  f rom r a d i o  emis s ion  i n  t h e  disk and t h e  h a l o  a s  

w e l l  a s  t h e  e x t r a - g a l a c t i c  component, The spectrum from t h e  

e x t r a - g a l a c t i c  component h a s  a l r e a d y  been de r ived ,  and u s i n g  

t h e  above l o c a l  e m i s s i v i t y  and assuming a d i s k  semi- th ickness  

of 400 pc (Baldwin, 1966)  w e  can e s t i m a t e  t h a t  p a r t  o f  t h e  

emiss ion  speot rum Prom t h e  d i s .  % T h i s  tur2;s o u t  t o  ';e r~ 2 0 5  

of t h e  t o t a l  p o l a r  emis s ion  - or comparable t o  t h e  e x t r a -  

g a l a c t i c  component. 

If t h e  remain ing  emiss ion  i s  t o  b e  a s c r i b e d  t o  a s p h e r i c -  

a l  h a l o ,  t h e n  c a l l i n g  t h i s  remainder  i n  t h e  p o l a r  d i r e c t i o n  

t h e  maximum h a l o ,  and  i n  t h e  d i r e c t i o n  of minimum r a d i o  

emis s ion  t h e  minimum h a l o ,  w e  have t h e  h a l o  e m i s s i v i t i e s / u n i t  

volume g i v e n  i n  F i g u r e  8.  

h a l o  e m i s s i v i t y  a t  81 MHz by P e l t o n  (1966)  l i e s  a lmost  on t o p  

(Note t h a t  t h e  r e c e n t  e s t i m a t e  of 
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o f  our maximum h a l o  spec t rum) .  

The c h a r a c t e r i s t i c  h a l o  e m i s s i v i t y  i s  an  o r d e r  o f  magnitude 

l e s s  t h a n  t h e  l o c a l  d i s k  e m i s s i v i t y  and i f  one t a k e s  t h e  

minimum h a l o  e m i s s i v i t y  t h e n  t h e  h a l o  i s  a very  weak r a d i o  

e m i t t e r  i ndeed  and i t  becomes seasonab le  t o  ask  whether 

t h e r e  i s  a h a l o  a t  a l l .  O f  cou r se  more s o p h i s t i c a t e d  models 

of t h e  h a l o  and d i s k  d i s t r i b u t i o n s  can  b e  t a k e n  (e ,g .  Mills, 

1959)  b u t  i t  seems t h a t  t h e  c e n t r a l  problem concerns  t h e  

magnitude and u n i f o r m i t y  of  t h e  d i s k  component. If t h e r e  i s  

c o n s i d e r a b l e  s t r u c t u r e  t o  t h e  d i s k ,  i n  t h e  form o f  l o o p s  and 

s p u r s  i n  a d d i t i o n  t o  a more r e g u l a r  component o f  s emi - th i ckness  

-400 pc.  t h e n  t h e  minimum h a l o  e m i s s i v i t y  t h a t  we have d e r i v e d  

i s  p robab ly  t h e  most r e a l i s t i c  oneB 

Turning now t o  a comparison of  t h e  p r e v i o u s l y  d e r i v e d  

spectrum o f  l o c a l  e m i s s i v i t y  w i t h  t h a t  t o  b e  a n t i c i p a t e d  from 

t h e  i n t e r s t e l l a r  e l e c t r o n  spectrum, t h e  s i t u a t i o n  i s  summar- 

i z e d  i n  F i g u r e  9 ,  The manner i n  which t h i s  e m i s s i v i t y  spec- 

t rum v a r i e s  w i t h  t h e  magnet ic  f i e l d  s t r e n g t h  i s  g i v e n  i n  

nomogram f a s h i o n  i n  t h e  F i g u r e ,  The e m i s s i v i t i e s  deduced from 

t h e  e l e c t r o n  s p e c t r a  a r e  i l l u s t r a t e d  for an i n t e r s t e l l a r  mag- 

n e t i c  f i e l d  B, = 8 I L G .  

an  e x c e l l e n t  f i t  for t h e  i n t e r s t e l l a r  e l e c t r o n  spectrum 

o b t a i n e d  w i t h  a r e s i d u a l  modulat ion parameter  = 0,6 BV. Even t h e  

T h i s  magnetic f i e l d  s t r e n g t h  p r o v i d e s  

low f r equency  f l a t t e n i n g  o f  t h e  r a d i o  spectrum i s  reproduced  a s  

a r e s u l t  of t h e  f l a t t e n i n g  of t h e  e l e c t r o n  spectrum below 300 MeV. 

. I f  t h e  e m i s s i v i t y  from t h e  i n t e r s t e l l a r  e l e c t r o n  spectrum 
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d e r i v e d  us ing  a r e s i d u a l  modulat ion parameter  of  1.0 BV, i s  

compared w i t h  t h a t  deduced f r o m  t h e  r a d i o  measurements 

a k e r  magnet ic  f i e l d  (-5116) is r e q u i r e d  t o  produce an 

approximate agreement I n  t h i s  i n s t a n c e ,  however, t h e  

e m i s s i v i t y  o b t a i n e d  from t h e  e l e c t r o n  spectrum has  a n o t a b l y  

s t e e p e r  spectrum t h a n  t h a t  deduced f r o m  t h e  r a d i o  measurements. 

If, i n  t u r n ,  t h e  i n t e r s t e l l a r  e l e c t r o n  spectrum i s  

e s s e n t i a l l y  t h a t -  measured a t  t h e  e a r t h  i n  1966, t h e n  t h e  l o c a l  

i n t e r s t e l l a r  magnet ic  f i e l d  must be a t  l e a s t  1 8 ~ G  t o  even 

approximate ly  ieproduoe  t h e  deduced r a d i o  e m i s s i v i t y ,  The 

e m i s s i v i t y  o b t a i n e d  f r o m  t h i s  e l e c t r o n  spectrum a l s o  has  a 

mueh f l a t t e r  spectrum t h a n  any r easonab le  l i m i t a t i o n  on t h e  

measured e m i s s i v i t y ,  

An i n t e r s t e l l a r  field o f  t h i s  magnitude seems much t o o  

l a r g e  i n  view of  a l l  o f  t h e  o t h e r  o b s e r v a t i o n a l  ev idence  

(Davies,  1965). This  d i f f i c u l t y  wi th  t h e  magnitude of  the 

i n t e r s t e l l a r  f i e l d  i s  enhanced when we r e c a l l  t h a t  t h e  

e m i s s i v i t y  deduced f r o m  t h e  r a d i o  measurements probably  t e n d s  

t o  b e  s l i g h t l y  unde res t ima ted  for t h e  r e a s o n s  d i soussed  e a r l i e r .  

We t h e r e f o r e  b e l i e v e  t h a t  t h i s  comparison s u p p o r t s  t h e  i d e a  of 

a l a r g e  modulat ion for e l e c t r o n s  i n  t h e  s o l a r  environment.  

Indeed,  t h e  agreement between e m i s s i v i t i e s  when an i n t e r s t e l -  

l a r  e l e c t r o n  spectrum o b t a i n e d  wi th  a r e s i d u a l  modulat ion 

parameter  of 0,6 BV i s  used g i v e s  s t r o n g  suppor t  t o  t h e  

argument t h a t  t h e  energy dependence of t h e  solar modulat ion 
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i s  r e a s o n a b l y  g iven  by t h e  form measured by Webber (1967) .  

A f u r t h e r  o b s e r v a t i o n  conce rns  t h e  comparison of t h e  

e m i s s i v i t y  t o  be  expec ted  f rom t h e  spectrum of secondary 

e l e c t r o n s  o n l y  and t h e  e m i s s i v i t y  deduced f rom t h e  r a d i o  

measurements, The l i m i t s  on t h e  e m i s s i v i t y  from t h e  secondary 

s p e c t r a  calculated by Ramaty and L i n g e n f e l t e r  (1965) f o r  

pasaage  of cosmic r a y  n u c l e i  t h rough  j g / c m 2  and gg/cm2 of 

m a t e r i a l  a r e  shown i n  F i g u r e  9 *  If t h e  r a d i o  emiss ion  from 

t h e s e  secondary e l e o t r o n s  were to exc e d  t h e  measured emiss ion  

t h i s  would s t i p e  t h a t  ope of t h e  arguments  r e l a t i n g  t o  

t h e  oomparison w a s  i n c o r r e c t  (e.g, t h e  i n t e r s t e l l a r  magnetic 

F i e l d  8 p G ,  o r  t h e  p a t h  l e n g t h  f o r  cosmic r a y  n u c l e i  ~ 3 ~ / c m  2 

However t h e  s i t u a t i o n  i s  such t h a t  t h e  r a d i o  emiss ion  from 

seeondary  e l e o t r o n s  a l o n e  does n o t  exceed t h e  measured emiss ion ,  

a l t h o u g h  i t  i s  becoming a n  i n c r e a s i n g l y  g r e a t e r  f r a c t i o n  o f  i t  

8 -bo lower f r e q u e n c i e s ,  

THE RADIO SPECTRUM BELOEJO MHa AND THE 
_u___Y_-- 

INTERSTELLAR ELECTRON SPECTRUM AT LOW ENERGIES - -- u_ ---- . .  

The i n t e r p r e t a t i o n  of t h e  g a l a c t i c  r a d i o  spectrum below 

I O  MHz i s  t r e a t e d  s e p a r a t e l y  from t h e  h igh  f r equency  p a r t  of 

t h e  spectrum f o r  two r e a s o n s .  F i r s t , ;  t h e u n c e r t a i n t i e s  i n  t h e  

measured r a d i o  emiss ion  a r e  much l a r g e r  a t  t h e s e  f r e q u e n c i e s  - 
p a r t i c u l a r l y  i n  t h e  p o l a r  d i r e c t i o n .  Second, t h e  e f f e c t s  of 

a b s o r p t i o n  by i o n i z e d  hydrogen i n  t h e  di:;!.: oi? the ga laxy  
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become impor t an t  a t  t h e s e  f r e q u e n c i e s  and t e n d  t o  i n f l u e n c e  

t h e  i n t e r p r e t a t i o n  o f  t h e  r e s u l t s ,  
t-- 

The expe r imen ta l  s i t u a t i o n  below 1 0  MHz i n  t h e  c e n t e r ,  

a n t i c e n t e r  andl p o l a r  d i r e e t i o n s  i s  summarized i;n F i g u r e  LO. 

The i n t e n s i t y  v s  f requenoy p r o f i l e s  f o r  t h e  c e n t e r  and a n t i -  
L 

c e n t e r  d i r e c t i o n s  a r e  t a k e n  f r o m  F i g u r e  5 ,  The d a t a  below 

1 0  MHz i n  t h e s e  d i r e e t i o n s  i s  almost e n t i r e l y  due t o  E l l i s  

and co-workers a t  Hobart ,  

The s i t u a t i o n  i n  t h e  p o l a r  d i r e e t i o n s  ~. i s  u n f o r t u n a t e l y  

no% d e c i s i v e  f r o m  %he p o i n t  o f  view o f  t r y i n g  t o  de,termine a 

r a d i o  spec t rumo The obvious d i f f e r e n c e s  i n  t h e  measurements 

do no t  seem t o  be c l e a r l y  r e l a t e d  t o  whether  t h e  measurements 

a r e  made from t h e  ground, where i o n o s p h e r i c  a b s o r p t i o n  could  

p l a y  an impor t an t  r o l e ,  o r  f r o m  s a t e l l i t e s  where c a l i b r a t i o n  

d i f f i o u l t i e s  a r e  encountered., For  example, t h e  p o l a r  i n t e n -  

a s u r e d  f r o m  t h e  ground. by P a r a s a r a t h y  (1967) and by 

E l l i s  (1965) d i f f e r  by a f a o t o r  of more t h a n  2 a t  5 and LO MHz 

and have q u i t e  a d i f f e r  n t  s l o p s  a t  %he lower  f r e q u e n e i e s .  

There i s  some evidenoe from s a t e l l i t e  o b s e r v a t i o n s ,  Hartz  (1964) ,  

t h a t  emiss ion  f r o m  t h e  s o u t h  p o l a r  r e g i o n s  i s  g r e a t e r  t h a n  from 

t h e  n o r t h  p o l a r  r e g i o n  a t  l o w  f r e q u e n c i e s .  Th i s  might account  

f o r  some of t h e  d i f f e r e n c e  between t h e  two ground based observ-  

a t f o n a  a l though  it should  be r e c a l l e d  t h a t  no d i f f e r e n c e  

between s o u t h  p o l a r  and n o r t h  p o l a r  r a d i o  i n t e n s i t i e s  
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i s  n o t i c e d  above 10 MHz. The r e a d e r  i s  r e f e r r e d  t o  a more 

thorough d i s c u s s i o n  of t h e  p o s s i b l e  no r th - sou th  d i f f e r e n c e s  

by Andrew (1966), 

The s i t u a t i o n  r e g a r d i n g  t h e  agreement between t h e  i n d i v i d -  

u a l  s a % e l l f t e  measurements below 5 MHz is e q u a l l y  uncomfortable .  

1% is not  our purpose h e r e  t o  a t t e m p t  t o  r e s o l v e  t h e s e  d i f f e s -  

enoes  b u t  mainly t o  t r y  and de termine  an a p p l i c a b l e  speetrum 

of r a d i o  emiss ion  i n  t h e  p o l a r  d i r e c t i o n .  To be r e a l i s t i c  

aush a spectrum must encompass %he shaded r e g i o n  i n  F igu re  1 0 ,  

and fa w e l l  de te rmined  above PO MH& by %he d a t a  a l r e a d y  p r  

ed i n  F i g u r e  4e 

The p o l a r  spectrum t h a t  we s h a l l  adap t  i s  a smooth curve  

drawn through t h e  c e n t e r  of  %he shaded r e g i o n  i n  F i g u r e  10 .  

Th i s  p o l a r  spectrum i s  now shown a g a i n  i n  F i g u r e  7 1  along w i t h  

%he s p e c t r a  i n  %he d i r e e t i o n s  of  t h e  g a l a o t i o  c e n t e r  and a n t i -  

c e n t e r ,  I% i s  obvious t h a t  t h e  s p e c t r a  i n  t h e  c e n t e r  and an%i -  

cen%er  d i r  e t i o n s  a r e  t u r n i n g  over a% low f r e q u e n a i e s  a s  a 

r e s u l t  of a b s o r p t i o n  i n  i n t e r s t e l l a r  i o n i z e d  hydrogen, The 

same e f f e c t  may a l s o  b e  o c c u r r i n g  i n  t h e  spectrum i n  t h e  p o l a r  

t i o n  b u t  it is much l e s s  ev iden t .  I n  Pac t ,  a s  h a s  been 

emphasisded P ~ ~ Q s ” ,  t h i s  f L a t t s n i n g  cou ld  b e  d i r e c t l y  r e l a t e d  

t o  t h e  f l a t  n i n g  of  t h e  l o w  energy  ’eleetroaa speotrum, 
‘. 

It i s  oonvenient a t  t h i s  p o i n t  to i n t r o d u  e t h e  concept  

of  a “ p r o j e e t e d ”  r a d i o  i n t e n s i t y  o r  b r i g h t n e s s ,  Th i s  i n t e n s i t y  

i s  def%ned as t h a t  t o  b e  expe t e d  i n  a p a r t i c u l a r  d i r e c t i o n  i n  
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t h e  absence of  a b s o r p t i o n  by i o n i z e d  hydrogen. As a r e s u l t  i D  

i s  d i r e c t l y  r e l a t e d  t o  t r u e  l o o a l  e m i s s i v i t y  i n  t h a t  d i r e c t i  

Two p o s s i b i l i t i e s  f o r  t h e  spe  um of " p r o j e c t e d "  

( e m i s s i v i t y )  w i l l  be cons ide red ,  For  t h e  P i  
I 

u t i l i z e  t h e  f a c t  t h a t  t h e  spec  a i n  b o t h  t h e  crenter and a n t i -  

c e n t e r  d i r e c t i o n s  a r e  - v - O o Q  a t  h i g h e r  f r e q u e n c i e s  where 

a b s o r p t i o n  e f f e c t s  a r e  n e g l i g i b l e  and w r i t e  f o r  t h e  " p r o j e c t e d n  

i n  t e n s i t y  

where v o  i s  a Prequegay where a b s o r p t f o n  e f f e c t s  a r e  n e g l i g i b l e .  

wprojected" i n t e n s i t y  s p e c t r a  accord ing  t o  t h i s  r e l a t i o n  a r e  

shown i n  F i g u r e  11, i n  t h e  c e n t e r  and a n t i - c e n t e r  d i r e c t i o n s .  

Komesaroff (1961) h a s  i n t r o d u c e d  a s i m i l a r  concept t o  examine 

t h e  e f f e c t s  of  a b k o r p t i o n i i n  t h e  d i r e c t i o n  of %he g a l a c t i c  . 

c e n t e r ,  and h a s '  used n Laent ical :  s p e c t r a l  i ndex  f o r ,  t h e  

"pro j e c t e d "  i n t ' e n s i t y .  

u 

r 

.. 

For t h e  second p o s s i b i l i t y  we s h a l l  assume t h a t  above 
I 

2 MH2; a b s o r p t i o n  e f f e c t s  i n  t h e  p o l a r  d i r e c t i o n  a r e  i n  facC 

n e g l i g i b l e  and l e t  t h e  measured spectsum above t h i s  f r equency  

be t h e  " p r o j e c t e d n  i n t e n s i t y  spectrum a s  w e l l .  I n  o t h e r  words 

we s h a l l  make an i m  r t a n t  d e p a r t u r e  f rom e a r l i e r  work and 

a l low t h e  n s i o  e m i s s i v i t y  s p e c t r  i t s l e l f  t o  f l a t t e n  a t  

l o w  quenoies ,  The j u s t i f i c a t i o n  for t h i s  i s ,  o f  course ,  

t h e  i n d i c a t i o n  t h a t  t h e  e lec t i ron  spectrum may a l s o  f l a t t e n  
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a t  low e n e r g i e s .  The cor responding  “ p r o j e c t e d ”  s p e c t r a  i n  

t h e  c e n t e r  and a n t i - c e n t e r  d i r e c t i o n s  a r e  shown a s  c u r v e s  2a 

and 2b i n  F i g u r e  11. 

Let  us  now c o n s i d e r  i n  some d e t a i l  t h e  e f f e c t s  o f  

a b s o r p t i o n  by i o n i z e d  hydrogen. The c o e f f i c i e n t  o f  i n t e r -  

s t e l l a r  a b s o r p t i o n  b y  t h e  f r e e - f r e e  p r o c e s s  i n  t h e  r a d i o  

r e g i o n  i s  (Ginzburg, 1961) 

N be ing  t h e  d e n s i t y  i n  c g s  u n i t s  and g a q u a n t i t y  e 

= 1117.7 + Ln (--- For  f r e q u e n c i e s  Z, I MHz and e f f e c t i v e  

18. The e l e c t r o n  
V 

t empera tu res -be tween  I O 3  and I O  4 0  K ,  g i s  

t empera tu re  a s s o c i a t e d  w i t h  t h e  i o n i z e d  hydrogen i s  u s u a l l y  

t a k e n  t o  be I O 4  O K  s o  t h a t  
n 

The o p t i c a l  dep th  i s  

For t h e  u s u a l  c a s e  where Ku i s  t a k e n  no t  t o  v a r y  w i t h  d i s t a n c e  

and i n t e g r a t i n g  over  a d i s t a n c e  of 1 pc 
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Definipg a q u a n t i t y  c a l l e d  t h e  emis s ion  measure ~9 E = Ne L 

mining t h e  f f e a t s  o f  a b s o r p t i o n  WQ may c o n s i d e r  

two s % m p l i f i e d  galaQt5.o models,  I n  t h e  f i r s t  i n s t a n c e  5% i s  

d t h a t  a l l  of  th s between t h e  obse rve r  and t h e  

non-thermal  r e g i o n ,  I n  t h i s  G a s  

In F i g u r e  12 w w the r a t i o s  of I(o)/ 9 ( v )  i n  t h e  c e n t e r  

and a n t i - o e n t e r  d i r e c t i o n s  deduced from t h e  measured v a l u e s  of 

I ( u )  and f o r  t h  two assumptions r e g a r d i n g  t h e  speetrym of  
L 

expsoted  on t h  b a s i s  of model I a r e  a l s o  shown i n  t h e  F i g u r e ,  

- normal i s  d a t  v a l u e s  of T = 4 ,  Mod 1 -I g f s e s  a v e r y  poor f i t  

t o  %he d a t a ,  p r e d i c t b g  a muoh more r a p i d  c u t - o f f  of I(v) t h a n  

is a o % u a l l y  observede  

Model I may be more r asonably  a p p l i  d t o  %he d a t a  %n t h e  

p o l a r  d i r e c t i o n  i f  it i s  assumed % h a t  most o f  t h e  emiss ion  i n  

t h i s  d i reo$fon  eom ond t h e  d i s k ,  The c r u c i a l  

s t i o n  is: what ( v )  i n  t h i s  d i r e c t i o n ?  If 
- 0 e 6  n t o  b e  a s imple  e x t e n s i o n  of t h e  spaatrum I ( u ) - w  

d a t  h i g h e r  energi.,es, a is ompara t ive ly  l a r g e ,  be ing  

- l e g  a t  P MHs, (e.g.< Hoyle and E l l i s  1 9 6 3 ) .  The G o m e  

ing emission measure is t h  
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Fy 2cm pop The i m p l i o a t i o n s  of t h k s  , -. emiss ion  measure i n  

t h e  p o l a r  d i r e e t i o n s  have been d i s o u s s e d  by E l l i s  and Hamilton 

(1966) who a t t r i b u t e  i t  t o  a b s o r p t i o n  i n  Z n t e r s t e l l a r  SIIand 

by Lencheck (1964) and by Alexander  and Stone  (1965) who have 

a t t r i b u t e d  t h i s  a b s o r p t i o n  t o  t h e  s o l a r  HII r e g i o n ,  

The turn-over  of  t h e  t o t a l  p o l a r  speotrum a t  low 

f r e q u e n c i e s  i s  t o t a l l y  u n l i k e  t h a t  Lo be expec ted  on t h e  

b a s i s  of  Model I, how v e r .  I n  f a c t  down t o  "2 MHe i t  f o l l o w s  

e x a c t l y  t h e  form t o  b e  expec ted  i f  t h e  spectrum of e l e c t r o n s  

producing t h e  emiss ion  i s  i t s e l f  t u r n i n g  over, Only below 

- 2 MHe may t h e  sugges t ed  f a l l  o f f  of t h e  t o t a l  p o l a r  spectrum 

b e g i n  t o  i n d i c a t e  t h e  e f f e c t s  of  HII a b s o r p t i o n  between t h e  

emis s ion  and t h e  s o u r c e o  If one assumes t h i s  f l a t t e n e d  spec- 

t rum does i n  f a c t  resemble s ( ~ )  a s  we h a v a . e a * l i e P ,  t h e n  

r cannot  be  g r e a t e r  t h a n  about  0.3 a t  I MHz, The cor responding  

-6 emiss ion  measure i s  N 0,4. om pc  - an  o r d e r  of  magnitude less 

t h a n  p r e v i o u s l y  assumed! 

I n  model I1 we s h a l l  c o n s i d e r  t h a t  non-thermal  emission 

and  a b s o r p t i o n  by i n t e r s t e l l a r  H oocur oon t inuous ly  along 

t h e  l i n e  of  s i g h t  and t h a t  t h e  r a t i o  of t h e s e  two q u a n t i t i e s  
I1 

and t h e  q u a n t i t i e s  themselves  a r e  c o n s t a n t ,  Th i s  more c l o s e l y  

approximates  c o n d i t i o n s  i n  t h e  g a l a c t i c  d i s k ,  a l though  i t  i s  

* From a d e t a i l e d  s t u d y  o f  l o w  f requency  b r i g h t n e s s  p r o f i l e s  

E l l i s  and Hamil ton (1966) have d e r i v e d  an emis s ion  measure 

= 8cm -6 pc ,  f o r  bt tE 60'. 
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s t i l l  a v e r y  s i m p l i f i e d  p i c t u r e .  We know from our  e a r l i e r  

d i s c u s s i o n  t h a t  @ ( v )  i s  c e r t a i n l y  a f u n c t i o n  of d i s t a n c e  a t  

l e a s t  w i t h i n  LO Kpe of  t h e  g a l a c t i c  c e n t e r .  F u r t h e r  i t  might 

be expeGted t h a t  r e g i o n s  o f  h igh  a b s o r p t i o n  would be r e l a t e d  

t o  t h e  r e g i o n s  o f  h i g h  emiss ion  (@.go F i g u r e  2 of Smith,  1965) 

a l though  a s t r i c t  cons tancy  of t h e  r a t i o  of t h e s e  q u a n t i t i e s  

shou ld  not  be expected.  A t  any r a t e  under  t h e  s i m p l i f i e d  

assumptions of model I1 we have 

2 Note t h a t  f o r  av = K ~ L  >> I, I(v)/ $ ( V I  z v -.I 

The o a l c u l a t e d  r a t i o s  r ( v ) /  $(v) for 7' s 600 a t  I MHz i n  

t h e  d i r e c t i o n  of t h e  g a l a c t i o  c e n t e r  and T = 40 a t  3 MHz i n  

t h e  d i r e c t i o n  of t h e  a n t i - c e n t e r  a r e  shown i n  F i g u r e  1 2 .  

These cu rves  p rov ide  a mush b e t t e r  f i t  t o  t h e  d a t a  a l though 

re i s  ev idence  t h a t  t h e  r e a l  I(v) i s  d e e r e a s i n g  somewhat 

less r a p i d l y  w i t h  f r equency  t h a n  expec ted  on t h e  b a s i s  of 

Model 11. 

c a l c u l a t e d  r a t i o s  cor respond t o  emiss ion  measures 

-6 -6 800 cm pc and 53 om po r e s p e c t i v e l y * .  If t h e  a n a l y s i s  i n  

* Komeaaroff (1961) h a s  t y p i c a l l y  o b t a i n e d  v a l u e s  of r 
20 MHz cor responding  t o  4000 a t  I MHz i n  t h e  d i r e c t i o n  o f  
t h e  g a l a c t i c  c e n t e r  - a f a c t o r  o f  I O  l a r g e r  t h a n  we obta&n.  
However our  r e s u l t s  r e p r e s e n t  an ave rage  ove r  a band 5 2 on 
e i t h e r  a i d e  of t h e  g a l a s t i c  equBtos.  The v a l u e  o b t a i n e d  by 
Komesaroff a p p l i e s  w i t h i n  + 0 0 5  of t h e  e q u a t o r  and he f i n d s  
aodegrease  of  an o r d e r  of Gagni tude i n  t h e  o p t i c a l  d e p t h  o n l y  
3 -4 off t h e  equator .  
a b l e  acco rd  as i s  t h e  v a l u e  o f  2.65 am- pc f o r  6 = 9 o b t a i n e d  
by  E l l i s  and Hamilton (1966) .  

I O  a t  

The two r e s u l t g  a r e  i n  f a c t o i n  r eason-  
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t h e s e  two  d i r e c t i o n s  i s  Co b e  c o n s i s t e n t  t h e  r a t i o  of  emiss ion  

measures  should be  approximate ly  1 O : l  (corresponding t o  t h e  

f a c t  t h a t  L ,  t h e  t o t a l  p a t h  l e n g t h  is 5 t i m e s  l onger  i n  the 

d i r e e t i o n  of t h e  g a l a c t i o  Genter and t h e  average emZ>ss% 

i n  t h i s  d i r e c t i o n  i s  a f a c t  r of two larger - t h a t  is t o  

t h e  r a t i o  I ( o e n t r e ) / I y  ( a n t i - c e n t e r )  a t  h i g h  
v 

f r e q u e n c i e s ) ,  The r a t l o  of ~ ? 5  o b t a i n e d  above i s  indeed  

r e a s o n a b l e  w i t h i n  t h  

paPtAcu1arly s i n c e  a 010s i n s p e e t i o n  of F i g u r e  12 r e v e a l s  

aoaezraoy of  t h e  I ( v ) / y ( v )  curves  

c a l c u l a t e d  c u r v e s  may b e  a d j u s t e d  t o  g i v e  t h e  expeat-  

ed r a t i o  of 1 0  and s t i l l  p rov ide  a r e a s o n a b l e  f i t  t o  t h e  

measured d a t a .  The impor t an t  p o i n t  t o  n o t e  h e r e  i s  t h a t  a 

r a d i a l  dependenae of  e ( v ) ,  whieh s u r e l y  e x i s t s ,  w i l l  n o t  

a f f e c t  t h e  - shape o f  t h e  s e p a r a t e  I ( v ) / $ ’ ( v )  curves  b u t  w i l l  

on ly  e n t e r  i n t o  t h e  r a t i o  of t h e  emiss ion  meaeurss  c a l o u l a t e d  

i n  t h e  a e n t e r  and a n t i - c e n t e r  djir c t i o n s  a s  long as t h e  r a t i o  

c : ( u ) / K v  remains c o n s t a n t ,  The o n l y  way t h e  shape of t h e  

I (v ) /* (ep )  cu rves  themselves  can be v a r i e d  is t o  assume t h a t  

e ( v ) / K v  v a r i e s  w i th  d i s t a n c e ,  

c u r v e s  aalcezlated on t h e  b a s i s  o f  Model 11 and t h o s e  deduced 

f r o m  t h e  measurements r e v e a l s  t h a t  e ( u ) / K V  must v a r y  i n  such 

a way t h a t  e ( v ) / K v  becomes l a r g e r  n e a r  t h e  sun. 

s ay  r a d i o  emiss ion  from e l e e t r o n s  i s  r e l a t i v e l y  mom import-  

A comparison of t h e  I ( v ) / $ ( v )  

That is t o  

a n t  t h a n  a b s o r p t i o n  e f f e c t s  f r o m  i n t e r s t e l l a r  P i n  t h e  II 
l o c a l  environment ,  as stompared w i t h  t h e  average  a l o n g  a l i n e  
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of s i g h t  i n  e i t h e r  t h e  c e n t e r  o r  a n t i - c e n t e r  d i r e c t i o n s .  

Obviously by choosing t h e  p r o p e r  v a r i a t i o n  of t h e  r a t i o  

of  e (v)/Kv it i s  p o s s i b l e  t o  reproduce  e i t h e r  cu rves  one o r  

two i n  F igu re  1 2 ,  As a r e s u l t  t h i s  comparison i s  unable  t o  

proTi.de a s e p a r a t e  i n d i e a t 9 o n  as t o  t h e  a c t u a l  f o r m  of I ( v )  

a t  low f r e q u e n c i e s ,  To do t h i s  we must oompare e ( v )  w i t h  

t h e  v a r i o u s  p o s s i b l e  i n t e r s t e l l a r  e l e c t r o n  s p e c t r a  a s  w i l l  

be done i n  t h e  f o l l o w i n g  s e e t i o n ,  

Th i s  approach does emphasize,  however, how i m p o r t a n t l y  

our c o n c l u s i o n s  r ega rd ing  t h e  t y p i e a l  e l e c t r o n  d e n s i t i e s  i n  

t h e  HII r e g i o n s  depend on t h e  assumed shape of t h e  "p ro jec t ed"  

b r i g h t n e s s  spectrum a t  low f r e q u e n c i e s .  F o r  example, t h e  

v a l u e s  of  emiss ion  measur i n  Che c e n t e r  and a n t i - c e n t e r  

d i r e c t i o n s  i n d i o a t e  an ave rage  eleo-t;son d e n s i t y  -0.1 O/cm 3 

i n  i n t e r s t e l l a r  spac n e a r  t h e  sun r  The emiss ion  measure of 

2 om pa o b t a i n e d  e a r l i  r i n  t h e  p o l a r  d i r e c t i o n  when t a k e n  

w i t h  t h i s  e l e o t r o n  n s i t y  g i v e s  a d i s o  semi- thiokness  of 

-6 

z 200 pc,  whereas  if' t h  s m a l l e r  p o l a r  emiss ion  measure of 
-6 0,5 om pc  i s  t a k e n  t h e  & i s G  semi- th ickness  i s  e f f e c t i v e l y  

o n l y  40 pc ( t h e  a b s o r p t i o n  i s  assumed t o  be i n t e r s t e l l a r  

r a t h e r  t h a n  f r o m  a solar HII r e g i o n ) .  From t h e  p o i n t  o f  

view of r a d i o  emiss ion  t h e  o h a r a c t  r isLic  semi- th ickness  o f  t h e  

disk i s  usuaLly t a k e n  be - 300-400 p c .  Conversely,  .t 

this semi-0hickness  a s  %he region i n  which a b s o r p t i i o  
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g i v e s  e l e c t r o n  d e n s i t i e s  of o 0 ~ 5 / c m 3  and O.Ol/cm3 r e s p e c t i v e l y  

for t h e  two v a l u e s  of emiss ion  measure. These two v iewpo in t s  

can b e  i n t e r p r e t e d  i n  t e rms  of a p a u c i t y  of a b s o r p t i o n  

r e l a t i v e  to emiss ion  and may r e f l e c t  t h e  p o i n t  we have 

deduced a l r e a d y  from t h e  I ( v ) / g ( v )  curves ,  namely t h a t  t h e  

sun i s  i n  a r e g i o n  of r e l a t i v e l y  low r a d i o  abso rp t ion .  

Let  u s  now s e e  what a comparison of t h e  i n t e r s t e l l a r  

e l e c t r o n  spectrum wi th  t h e  low f r equency  r a d i o  e m i s s i v i t y  

t e l l s  us .  The low f r equency  r a d i o  e m i s s i v i t y  i s  o b t a i n e d  i n  

e x a c t l y  t h e  same manner a s  b e f o r e  and u s i n g  t h e  same dependence 

o f  s ( v )  on r as  a t  h i g h e r  f r e q u e n c i e s  excep t  we now have t h e  

p o s s i b i l i t y  of u s ing  two curves  for t h e  " p r o j e c t e d "  i n t e n s i t y  

9 ( v >  which i s  used  i n  c a l c u l a t i n g  e ( v ) .  These a r e  t h e  

c u r v e s  ( I )  and ( 2 )  i n  F i g u r e  1.1. The cor responding  l o w  

f r equency  e m i s s i v i t y  p r o f i l e s  a r e  shown i n  F igu re  13, and a r e  

s imply an e x t e n s i o n  of t h e  p r o f i l e  p r e s e n t e d  i n  F i g u r e  9 *  

The expec ted  e m i s s i v i t y  _. for v a r i o u s  i n t e r s t e l l a r  e l e c t r o n  

s p e c t r a  i s  also shown i n  F i g u r e  1 3  a g a i n  f o r  a l o c a l  magnet ic  

f i e l d  of 8pG.  The manner i n  which t h i s  e m i s s i v i t y  s c a l e s  

w i t h  B,, and  t h e  cor responding  e l e c t r o n  e n e r g i e s  a r e  a l s o  

shown i n  t h e  F igu re .  It i s  seen  t h a t  t h e  expec ted  emiss iv-  

i t y  from t h e  low energy  e l e c t r o n  spectrum measured n e a r  t h e  

e a r t h  i n  1 9 6 6  i s  a lmost  an o r d e r  of magnitude l e s s  t h a n  

a c t u a l l y  deduced, I n  o r d e r  t o  p rov ide  s u r f  i c i e n t  e m i s s i v i t y  

f rom such a low i n t e n s i t y  of e l e c t r o n s  t h e  l o c a l  magnetic 

f i e l d  i s  r e q u i r e d  t o  exceed  20~6, Since  a f i e l d  as  l a r g e  
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as t h i s  i s  h i g h l y  u n l i k e l y  s o l a r  modulat ion e f f e c t s  must be  

d e p r e s s i n g  t h e  low energy e l e c t r o n  spectrum n e a r  t h e  e a r t h .  

E m i s s i v i t i e s  b a s e d  on i n t e r s t e l l a r  e l e c t r o n  s p e c t r a  o b t a i n e d  

u s i n g  demodulat ion c o n s t a n t s  = O e 6  and 1 , O  BV a r e  i n  much 

b e t t e r  acco.rd w i t h  t h e  deduced e m i s s i v i t i e s .  The b e s t  

agreement i s  o b t a i n e d  for K - 0.75 BV, and B, = 6 p G .  If R -  
KR = 0,6 BV t h e n  B, must be  - 9pG whereas i f  KR 3 1.0 BV 

t h e n  B, 4pG. 

N 

The correspondence between t h e  shapes  of t h e  e m i s s i v i t y  

s p e c t r a  a t  low f r e q u e n c i e s  s e t s  v e r y  seve re  r e s t r a i n t s  on t h e  

c h a r a c t e r i s t i c s  of t h e  e l e c t r o n  modulat ion a t  l o w  e n e r g i e s .  

Using t h e  energy  dependence of  t h e  modulat ion g iven  by Webber 

(1967) t h e  emiss ion  from t h e  i n t e r s t e l l a r  e l e c t r o n  spectrum 

almost  e x a c t l y  r ep roduces  t h e  emiss ion  p r o f i l e  based  on a 

t r p r o j e c t e d t t  i n t e n s i t y  p r o f i l e  % h a t  f l a t t e n s  a t  low f r e q u e n c i e s .  

T h i s  does  no t  prove t h a t  such a p r o f i l e  i s  c o r r e c t  and t h e  

i n t e n s i t y  p r o f i l e  based on an e x t e n s i o n  o f  t h e  

spectrum measured a t  h i g h e r  f r e q u e n c i e s  w i l l  a l s o  be -0.6 
V 

s u i t a b l e  - prov ided  we assume a d i f f e r e n t  e l e c t r o n  modulat ion 

a t  lower  e n e r g i e s .  The l i m i t s  on t h e  i n t e r s t e l l a r  e l e c t r o n  

spectrum a r e  r a t h e r  c l e a r l y  d e f i n e d  by t h e  above comparison, 

however e 

The q u e s t i o n  o f  t h e  r a d i o  emiss ion  a t  t h e s e  low f r equen-  
-_ 

c i e s  from t h e  secondary e l e c t r o n s  i s  a l s o  r e l e v a n t .  As i s  



-39- 

evidenced i n  F i g u r e  2 as w e l l  a s  F i g u r e  14, if  t h e  c a l c u l -  

a t i o n s  of t h e  secondary e l e c t r o n  i n t e n s i t y  a r e  c o r r e c t ,  t h e n  

most of  t h e  observed  low energy  e l e c t r o n s  must b e  of 

secondary o r i g i n  if t h e  cosmic r ay  n u c l e i  have pas,sed through 

> ,., ljg/cm2 of m a t t e r ,  

s e t s  a v e r y  p o s i t i v e  upper  l i m i t  of  <6g/cm 

The deduced e m i s s i v i t y  a t  low f r e q u e n c i e s  
2 of m a t e r i a l  if 

a l l  o f  t h e  low energy e l e c t r o n s  a r e  s e c o n d a r i e s .  
-I 

U t i l i z i n g  t h e  r e s i d u a l  modulat ion c o n s t a n t  of 0 ,75  BV 
L -  

d e r i v e d  from t h e  e l e c t r o n  d a t a  w e  may a t t empt  t o  determine t h e  

i n t e r s t e l l a r  p r o t o n  spectrumo As no ted  e a r l i e r ,  t h e  r i g i d i t y  

- 
r 

dependence of t h e  p r o t o n  modulat ion h a s  been more comple te ly  

measured (above 50 MeV 0 , 3  BV r i g i d i t y )  t h a n  for e l e c t r o n s ,  

however, t h e r e  i s  no ------ d i r e c t  method a v a i l a b l e  t o  e s t i m a t e  t h e  

r e s i d u a l  s o l a r  modulat ion of  t h e s e  p a r t i c l e s  from t h e  d a t a  on 

p r o t o n s  a lone  - hence t h e  huge d i f f e r e n c e s  i n  t h e  e s t i m a t e s  o f  

t h e  unmodulated ( i n t e r s t e l l a r )  p r o t o n  spectrum. A summary 

of v a r i o u s  e s t i m a t e s  i s  g i v e n  i n  F i g u r e  14. Here t h e  sunspot,  

minimum spectrum i s  t a k e n  f rom t h e  work of G l o e c k l e r  and 

J o k i p i i  (1967). Curves 2 . , 2 9 3  and 4 r e p r e s e n t  v a r i o u s  es t imates  

of t h e  i n t e r s t e l l a r  p r o t o n  spectrum b y  Hayakawa (1964)  , 
Balasubrahmanyan e t .  a l e  (1967) ,  G loeck le r  and J o k i p i i  (1967) 

and Durgaprasad, F i c h t e l  and Guss (1967) r e s p e c t i v e l y ,  

E s t i m a t e s  1 and 2 a r e  based  p r i n c i p a l l y  on t h e  requi rement  



t h a t  t h e  r a t e  of energy loss by i o n i g a t i o n  o f  t h e s e  cosmic 

r a y  p r o t o n s  i s  suff t o  m a i n t a b  t h e  ES, o f  i n t e r -  

s t e l l a r  HI c louds  ( s e e  Balasubrahmanyan e t .  a l .  f o r  a d i s -  

ouss ion  of t h i s  problem).  Howaver, ;t;hese s p e c t r a  c o n t a i n  an  

energy  d e n s i t y  of  cosmic r a y s  - 5-3.0e~/~,3 a s  compared wi$h 

an energy d e n s i t y  N 0 , 5 e ~ / ~ , 3  f o r  t h e  sunspot  minimum speetrum 

r t h .  Th i s  i n t e r ' s t e l l a r  energy  dBnsi ty  i s  e q u i v a l e n t  

t o  t h a t  c o n t a i n e d  i n  a magnet ic  f i e l d  N 2 0 ~ G  and accord ing  

t o  Pa rke r  (1966) an energy d n s i t y  2 2ev/ 

l e a d s  t o  d i f f i c u l t i e s  i n  ho ld ing  t o g e t h e r  t h e  combined mag- 

n e t i c  f i e l d  - cosmic r a y  system i n  t h e  s p i r a l  arms by g r a v i t y .  

3 for cosmio r a y &  
em 

The curve  3 i s  a c t u a l l y  o b t a i n e d  us ing  a r e s i d u a l  modul- 

O,9 BV and g i v e s  a m e r e a s b n a b l e  cosmic 
R '  a t i o n  o o n s t a n t  R 

r a y  energy d e n s i t y  N -lev/ 3 i n  i n t e r s t e l l a r  space.  Th i s  

spectrum i s  a l s o  s u f f i c i e n t  t o  produce t h e  r e q u i r e d  h e a t i n g  

o f  i n t e r s t e l l a r  H c louds ,  acoording t o  Balasubrahmanyan e t .  

a l .  (1967) .  

cm 

I 

Our e s t i m a t e  d i f f e r s  f r o m  t h a t  of Gloeck les  and J o k i p i i  

(1967) (ourve 3) i n  t h a t ;  (I) w e  have used a s l i g h t l y  s m a l l e r  

demodulat ion c o n s t a n t  as sugges t ed  by t h e  d a t a  on  e l e c t r o n s  

and (2)  we have used a modulat ion - ' /p  a t  l o w  e n e r g i e s  a s  

i n d i a a t e d  by t h e  work o f  Ormes and Webbier (1968) i n s t e a d  of 

a s t e e p e r  funcztion more like I ' / ,P  used  by Gloeck le r  and 

J o k i p i i  (1967) . 
Below 20 MeV no r e l i a b l e  measurements a r e  a v a i l a b l e  



-41- 
on t h e  p r o t o n  modulat ion and t h e r e  i s  v e r y  l i t t l e  d a t a  on 

t h e  p r o t o n  spectrum i t s e l f .  Fan e t ,  al. (1965) g i v e  some 

eyidenoe t h a t  t h e  p r o t o n  spectrum n e a r  t h e  e a r t h  begins  t o  

t u r n  up a t  e n e r g i e s  4 2 0  MeV - a s  r e p r e s e n t e d  by t h e  dashed 

curve  i n  F i g u r e  14. It i s  n o t  c l e a r  whether  t h e s e  p r o t o n s  

a r e  of s o l a r  o r i g i n  o r  a r e  merely a c o n t i n u a t i o n  o f  t h e  
i 

h i g h e r  energy  p a r t  of  t h e  spectrum r e a c h i n g  u s  from t h e  

ga laxy ,  Suppose we t a k e  t h e  l a t t e r  p o i n t  o f  view and 

suppose a l s o  we assume t h a t  t h e  ''P dependence of  t h e  

modulat ion measured by Ormes and Webber (1968) f o r  p r o t o n s  

a t  i n t e r m e d i a t e  e n e r g i e s  e x t e n d s  t o  lower a n e r g i e s .  Th i s  

l a t t e r  assumption i s  suppor t ed  by t h e  p r e v i o u s l y  d i soussed  

measurements of a ", dependence f o r  t h e  e l e c t r o n  modulat ion 

a t  e q u i v a l e n t  r i g i d i t i e s  (Webber 1967). The low energy 

i n t e r s e e l l a r  p r o t o n  spectrum o b t a i n e d  b y  t h e  r e s u l t i n g  s o l a r  

dernodulation i s  shown as t h e  upper  dashed curve i n  F i g u r e  14. 

This  spectrum s u p p l i e s  a comparable amount, of h e a t i n g  t o  

i n t e r s t e l l a r  HI r e g i o n s  a8 do s p e c t r a  1, 2 and jp alb.eit 

f r o m  lower  energy p r o t o n s  l o s i n g  energy by i o n i z a t i o n  a t  a 

g r e a t e r  r a t e .  

- 

I 

The demodulat ion e f f  ec t iv -e ly  Sransforms a p r o t o n  spectrum 

N- n e a r  t h e  ' e a r t h  t o  an i n t e r s t e l l a r  spectrum N & 3 ,  one t h a t  i s  

v e r y  s i m i l a r  t o  thak  a b t u a l l y  observed  f o r  solar cosmic, r a y s  n e a r  

t h e  e a r t h .  It i s  t h e r e f o r e  temptfng to ask ,  could1 s u c h  a l o w  ene r -  

gy component of  i n t e r s t e l l a r  oosmic r a y s  be produced by s o l a r  t y p e  

1 I 
E 
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s t a r s  i n  t h e  ga l axy?  The answer,  based on o r d e r  of magnitude 

e s t i m a t e s  of number of p a r t i c l e s  e m i t t e d  a n d  t h e  energy s p e c t r a  

invo lved  i s  y e s ,  Consider t h e  sun ,  E s t i m a t e s  o f  t h e  number of 

p a r t i c l e s  e m i t t e d  d u r i n g  s o l a r  cosmic  r ay  e v e n t s  can b e  made on 

a number o f  g rounds  (e.g. Webber, 1963) and l e a d  t o  anL'average 

r a t e  o f  emiss ion  N 1030-1031 p a r t i c l e s / s a c .  above a few MeV 

averaged o v e r  t h e  la '&% ; t e n  y e a r s ,  Now it i s  n o t ' c l e a r  what 

f r a c t i o n  of' t h e s e  a c t u a l l y  e scape  i n t o  i n t e r s t e l l a r  space,  

however we may suppose t h a t  i t  i s  Comparable t o  t h e  number 

emi t t ed .  If t h e  f i g u r e  of I O  main sequence s ta rs  s imi la r  I 1  

t o  t h e  sun i s  t a k e n  for o u r  ga l axy  we have a t o t a l  emiss ion  

of low energy  cosmic r a y s  of N I O  41 4 2  -10 /set from such 
- 

sources .  The l i f e t i m e  of t h e s e  cosmic rays  i s  s h o r t ,  

N 3 x d3 s e c  for n CY l /cm3, a s  t h e y  r a p i d l y  l o s e  ene rgy  

by i o n i z a t i o n  loss. The t o t a l  number i n  t h e  ga l axy  a t  any 

one t ime i s  t h u s  CY 3 x - 3 x p a r t i c l e s ,  Presumably 

H 

t h e s e  p a r t i c l e s  w i l l  n o t  t r a v e l  f a r  from t h e i r  source  of  

o r i g i n ,  b u t  w i l l  d i f f u s e  mainly i n  t h e  d i s k  of  t h e  galaxy.  

67 3 The volume i n  which t h e y  r e s i d e  i s  t h u s  ~ 1 0 ~ ~ - 1 0  cm - 
depending how c l o s e l y  t h e y .  a r e  conf ined  t o  t h e  s p i r a l  arms 

themselves .  The d e n s i t y  p t h a t  c o u l d  be s u p p l i e d  by s o l a r  

t y p e  s ta rs  t h u s  works o u t  t o  be - 3 x I O - ' '  

p a r t i c l e ~ / ~ ~ 3 .  

F i g u r e  14 i s  - 3  x I O  

-3  x 10 -1 3 

The d e n s i t y  r e q u i r e d  by t h e  spectrum i n  

-1 I p a r t i c l e ~ / ~ ~ 3  above 5 MeV. 
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The n e a r  e q u a l i t y  o f  t h e s e  numbers s u g g e s t s  t h e  p l a u s -  

i b i l i t y  of sue@ a sou3pGe f o r  providfng  a prominent  g a l a c t i c  

spectrum of low energy p a r t i o l e s ,  
- 
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FIGURE GAPTLONS 

F i g u r e  I The e x t r a - t e r r e s t r i a l  e l e c t r o n  spectrum i n  1966, 

The measurement8 of Beedle and Webber (1967) and 

Webber (1968) a r e  shown as diam nds,  t h a t  of 

------u---- 

Jokipii ,LgHeuremx and Meyer (1967) a s  a b a r  between 

45 and 240 MeV, L'Heureux (1967) a s  open c i r c l e s  

and C l ine  et. a l e  (1964) a s  c r o s s e s o  

F igu re  2 The e x t r a - t e r r e s t r i a l  e l e c t r o n  speetrum i n  1966, 

Add i t iona l  measurements of Bleeker e t ,  a l ,  (1967)  

a r e  shown a8. t h e  (smoothed) beaded l i n e ,  and 

Daqiel  and Stephens (1966)  a s  a r e c t a n g l e ,  The 
- 

expected f l u x  of secondary e l e c t r o n s  a r i s i n g  f r o m  

n u c l e a r  interactions of cosmie r a y  n u c l e i  i n  t h e  

ga laxy  i s  shown a s  t h e  shaded a r e a  f o r  passage o f  

t h e s e  n u o l e i  through l i m i t s  of 3 and 6'/cm2 o f  

hydrogen, The i n t e r s t e l l a r  e l e c t r o n  s p e c t r a  

ob ta ined  using s o l a r  demodulation oons tan ta  = 0,6 

and 1.0 BV are shown a s  dashed l i n e s ,  

I 

F i g u r e  3 Radio syncthrotssn spea- t ra  a s  a f u n c t i o n  of a= 

o b t a i n e d  f o r  an e l e o t r  n spectrum given  by 

j(E)dE 5: e for E>E v and (I) j(E)aE O,E<El IC 
___. I 01 E2*2 
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F i g u r e  4 Radio b r i g h t n e s s  s p e c t r a  i n  t h e  d i r e c t i o n  of 

t h e  n o r t h  g a l a c t i c  p o l e  and t h e  d i r e c t i o n  of 

minimum b r i g h t n e s s .  The e x t r a - g a l a c t i c  component 

deauced by a number of o b s e r v e r s  i s  a l s o  shown. 

F i g u r e  5 Radio b r i g h t n e s s  s p e c t r a  i n  t h e  d i r e c t i o n  o f  

t h e  g a l a c t i c  c e n t e r  and a n t i - c e n t e r  ( a s  d e f i n e d  

i n  t h e  t e x t ) .  The t o t a l  p o l a r  spectrum i s  shown 

as  a r e f e r e n c e .  

F i g u r e  6 P o l a r  diagram of r a d i o  emis s ion  measured a long  

t h e  g a l a c t i c  p l a n e  w i t h  h i g h  r e s o l u t i o n  surveys .  

Data a t  6 f r e q u e n c i e s  a r e  shown - normal ized  i n  

t h e  a n t i - c e n t e r  d i r e c t i o n .  38 MHz, Blythe  (1957) 

4-4-e-0; 85 MHz, H i l l  e t .  a l .  (1958) .-e-@ : 

178 MHz, T u r t l e  and Baldwin (1962) ooooooo;  

404 MHz, P a u l i n y  Toth and Shakeshaf t  (1962) -----; 

610 MHz, Moran (1964) 88800; 1440 MIiz, Mathewson 

e t .  a l .  (1962) xxxxx. Curve A r e p r e s e n t s  t h e  

p o l a r  diagram t o  b e  expec ted  i f  t h e  r a d i o  emiss iv-  

i t y  i s  uniform throughout  ' t h e  d i s k .  Curve B i s  

o b t a i n e d  for t h e  r a d i a l  p r o f i l e  o f  e m i s s i v i t y  

g iven  i n  F i g u r e  7b. 
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F i g u r e  7a Schematic  r e p r e s e n t a t i o n  of g a l a c t i c  d i s k  

and h a l o  

F i g a r e  7b R a d i a l  dependence of e m i s s i v i t y  i n  t h e  g a l a o t i c  

d i sk  r e q u i r e d  t o  produce p r o f i l e  B i n  F igu re  6 .  

F i g u r e  8 Local spectrum of  r a d i o  * e m i s s i v i t y  From t 

g a l a c t i c  ha lo .  The maximum and minimum a l lowable  

e m i s s i v i t y  for a uniform h a l o  a r e  a l s o  shown a s  

fs t h e  h a l o  e m i s s i v i t y  at: 81 MHe deduced by 

F e l t o n  (1966)  

F i g u r e  9 Comparison o f  t h e  l o c a l  dis e m i s s i v i t y ,  shown 

w i t h  t h e  e m i s s i v i t y  t o  be expec ted  f r o m  

secondary e l e c t r o n 8  ana& 

measured a t  e a r t h  i n  9 9 6 6 ;  ( 2 )  i n t e r s t e l l a r  

e l e c t r o n  speotrum o b t a i n e d  w i t h  r e s i d u a l  modul- 

a t i o n  parameter  zz 0.6 BVJ ( 3 )  sane w i t h  r e s i d -  

u a l  modulat ion parameter  c: L O  BV. The manner 

i n  which curve%; ( i ) ,  ( 2 )  and ( 3 )  must  be d i s -  

p l aced  for d i f f e r e n t  g a l a c t i c  d i s k  magnet ic  

f i e l d  s t r e n g t h s  i s  shown a s  a r e  t h e  e q u i v a l e n t  

e l e c t r o n  e n e r g i e s .  
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F i g u r e  I O  Measurement s of r a d i o  b r i g h t n e s s  below IO MHz 

i n  t h e  d i r e c t i o n  of t h e  g a l a c t i c  n o r t h  p o l e .  

The t o t a l  b r i g h t n e s s  i n  t h e  c e n t e r  and a n t i -  

c e n t e r  d i r e c t i o n s  i s  a l s o  shown. 

F i g u r e  I 1  A comparison of r a d i o  b r i g h t n e s s  a t  low f r equen-  

c i e s  i n  t h e  p o l a r ,  a n t i - c e n t e r  and c e n t e r  d i r -  

e c t i o n s .  Curves l a  and lb r e p e s e n t  t h e n p r o j e c t -  

ed"b r igh tness  i n  t h e  c e n t e r  and a n t i - c e n t e r  

d i r e c t i o n s  under  t h e  c i r cums tances  of no absorp-  

t i o n  by i o n i z e d  hydrogen and a volume e m i s s i v i t y  

e ( V ) N V  e Curves 2a and 2b a r e  t h e  same excep t  -0.6 

t h a t  t h e  volume e m i s s i v i t i e s  a r e  t a k e n  t o  have 

t h e  same spectrum a s  t h e  t o t a l  p o l a r  b r i g h t n e s s .  

F i g u r e  I 2  R a t i o  of measured b r i g h t n e s s  t o  "projected!' b r i g h t -  

n e s s  as a f u n c t i o n  of f r equency .  Curves l a  and 

b and 2a and b have t h e  same meaning a s  i n  

F i g u r e  I d e  Dot ted  c u r v e s  a r e  t h e  r a t i o s  t o  b e  

expec ted  i f  model I f o r  a b s o r p t i o n  and emiss ion  

a p p l i e s ,  Dot-dash c u r v e s  a p p l y  t o  m o d e l I 1 .  
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F i g u r e  13, Comparison of  l o c a l  d i s k  e m i s s i v i t y  deduced a t  

l o w  f r e q u e n c i e s  ( d o t t e d  cu rves )  wi th  t h e  emissiv-  

i t y  t o  b e  expeoted f r o n ; ( 1 )  e l e c t r o n  speotrum 

measured 8% e a r t h  i n  1966;  (2) i n t e r s t e l l a r  

e l e c t r o n  spectrum ob ta ined  w i t h  a r e s i d u a l  

modulation parameter zs 0,6 BVj ( 3 )  same w i t h  

r e s i d u a l  modulation parameter  ZZT 1 , O  BV. The 

manner i n  which curves (2) and ( 3 )  must 

be displaced f o r  d i f f e r e n t  g a l a e t f c  d i s k  magnetic 

f i e l d  s t r e n g t h s  i s  a l s o  shown, 

The range  of  expected emission Prom secondary 

e l e e t r o n s  i s  shown a s  t h e  shaded a r e a .  

F igu re  14 I n t e r s t e l l a r  oosmio r a y  p ro ton  spectrum ob ta ined  

us ing  r e s i d u a l  modulation parameter = 0,75 BV. 

The spectrum taken  by Hayakawa (1963) is shown 

as (1); t h a t  used by Balasubrahmanyon e t ,  a l ,  

(1967) a s  (2 ) ;  Gloeckler  and JokSp i i  (1967) 

as ( 3 ) ;  and Durgaprasad e t ,  a l .  (1967) a s  (4). 
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